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ABSTRACT
A lth o u g h  r e s e a r c h  on c o m b u stio n  m echanism s h a s  b e en  
g o in g  on f o r  o v e r  a c e n tu r y ,  a g e n e r a l  m echanism  f o r  o x id a ­
t i o n  o f  th e  s im p le s t  h y d ro c a rb o n , m eth an e , does n o t  e x i s t .  
I t  i s  known t h a t  one o r  more c h a in  r e a c t i o n s  o c c u r , b u t  th e  
s p e c i f i c  f r e e  r a d i c a l  m echanism  h a s  n o t  b e e n  fo u n d .
The o b je c t iv e  o f  t h i s  w ork was t o  o b ta in  d a ta  on 
th e  th e rm a l o x id a t io n  o f  m ethane a t  v e ry  h ig h  p r e s s u r e ,  
and , w i th  d a ta  a v a i l a b l e  i n  th e  l i t e r a t u r e ,  p ro p o se  a 
m echanism  f o r  th e  r e a c t i o n .
E x p e rim en ts  w ere c o n d u c te d  a t  p r e s s u r e s  o f  a p p r o x i­
m a te ly  1 5 ,0 0 0 , 5 0 ,0 0 0  and  100 ,0 0 0  p s i .  and  a t  te m p e ra tu re s  
o f  250 - > 420°C . O x id a tio n s  w ere ru n  in  th e  p re s e n c e  o f  
a lu m in a  and  in  th e  p re s e n c e  o f  P y r e x - p o r c e la in  i n  o r d e r  
t o  d e te rm in e  th e  e f f e c t s  o f  th e s e  m a t e r i a l s  on th e  c o u rs e  
o f  th e  r e a c t i o n .  R es id en ce  tim e s  ra n g e d  from  e s s e n t i a l l y  
z e ro  t o  60 m in u te s . Oxygen c o n c e n t r a t io n  i n  th e  m ethane 
was m a in ta in e d  a t  a b o u t 8 . 2  m ole p e r c e n t .
I t  was found  t h a t  no change i n  r e a c t i o n  r a t e  o r  
p ro d u c t  d i s t r i b u t i o n  o c c u r re d  a f t e r  s u c c e s s iv e  e x p e r im e n ts  
w ith  th e  same e x p e r im e n ta l  c o n d i t io n s  i n  th e  p re s e n c e  o f  
a lu m in a  i n  th e  n ic k e l  a l l o y  r e a c t o r .  P y rex , how ever, d e ­
c r e a s e d  i n  a c t i v i t y  w ith  t im e , and  th e  P y rex  c y l in d e r
iii
u s e d  f o r  th e  i n t e r n a l  h e a t e r  c o re  s h a t t e r e d  a f t e r  a  la r g e  
num ber o f  e x p e r im e n ts .
M eth an o l, c a rb o n  d io x id e ,  fo rm a ld e h y d e , fo rm ic  a c id ,  
m e th y l fo rm a te  and w a te r  in c r e a s e d  w ith  i n c r e a s in g  p r e s s u r e ,  
te m p e ra tu re  and  r e s id e n c e  t im e . A t s h o r t  r e s id e n c e  tim e  and  
te m p e ra tu re s  l e s s  th a n  285°C c a rb o n  m onoxide was n o t  a  p ro d u c t  
a t  an y  o f  th e  p r e s s u r e s  i n v e s t i g a t e d .  Once fo rm ed  c a rb o n  
m onoxide in c r e a s e d  r a p i d l y  w ith  te m p e ra tu re  and  r e s id e n c e  
t im e . I t  was c o n c lu d e d  t h a t  c a rb o n  d io x id e ,  c a rb o n  mono­
x id e  and  m e th an o l a r e  made b y  d i f f e r e n t  r e a c t i o n s .  The co n ­
t r o l l i n g  m echanism s s h i f t  w i th  te m p e r a tu r e .  F orm aldehyde 
a p p e a rs  n o t  t o  b e  a s  im p o r ta n t  an  in te r m e d ia te  a t  h ig h  
p r e s s u r e  a s  a t  low  p r e s s u r e .
The in d u c t io n  p e r io d  o b s e rv e d  f o r  c a rb o n  m onoxide a t  
te m p e ra tu re s  above 285°C i s  b e l i e v e d  t o  b e  due t o  one f r e e  
r a d i c a l  s p e c ie ,  CH^OÔ, b e in g  com plexed  a t  any  s u r f a c e  in  
th e  r e a c t o r .  The p a ra m a g n e tic  n a tu r e  o f  oxygen  may be  th e  
k e y  f a c t o r .  A c e r t a i n  c h a rg e  o r  r a d i c a l  c o n c e n t r a t io n  may 
h av e  t o  b e  b u i l t  up a t  th e  s u r f a c e  b e f o r e  t h i s  p a r t i c u l a r  
f r e e  r a d i c a l  s p e c ie  c an  go i n t o  s o l u t i o n  (d en se  p h ase ) and 
be  a v a i l a b l e  f o r  th e  c h a in  r e a c t i o n s  fo rm in g  c a rb o n  m onoxide 
an d  m e th a n o l. However, th e  f r e e  r a d i c a l  com plexed  a t  th e  
w a l l  i s  b e l i e v e d  t o  be  c a p a b le  o f  r e a c t i n g  w ith  oxygen, 
fo rm in g  c a rb o n  d io x id e ,  w a te r ,  ÔH r a d i c a l  and a  l i t t l e  
p e r fo rm ic  a c id .
C o m p r e s s ib i l i ty  f a c t o r s  and  a c t i v i t y  c o e f f i c i e n t s  
f o r  m ethane c o n ta in in g  s m a ll  am ounts o f  o x y g e n a te d  compounds
iv
w ere c a 3 c u la te d  a t  5 0 ,000  and  97 ,000  p s i .  and  550°Ko The 
o v e r a l l  e n e rg y  o f  a c t i v a t i o n  was e s t im a te d  to  be  40-46  
k c a l . / m o le .  V a lu es  p u b l is h e d  in  th e  l i t e r a t u r e  v a ry  from  
25 t o  96 k c a l . / m o le ,  w ith  v a lu e s  a ro u n d  45 k c a l . /m o le  
o b ta in e d  in  r e c e n t  y e a r s .
V
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THE MECHANISM OF PARTIAL OXIDATION 
OF METHANE AT HIGH PRESSURES
CHAPTER I  
INTRODUCTION
In  th e  l a t t e r  h a l f  o f  th e  n in e te e n th  c e n tu r y  r e s e a r c h  
w ork was underw ay t o  d e te rm in e  th e  m echanism  o f  h y d ro c a rb o n  
co m b u stio n . By 1910 good d a ta  h ad  b e en  o b ta in e d , and  yet. 
th e r e  was no s in g l e  r e a c t i o n  o r  s e t  o f  r e a c t io n s  w hich  seem ed 
t o  r e p r e s e n t  th e  o x id a t io n  p ro c e s s  a c c u r a t e l y .  The r e s u l t s  
o f  work u s in g  m ethane w ere as  d i f f i c u l t  t o  i n t e r p r e t  a s  th o s e  
o b ta in e d  d u r in g  o x id a t io n  o f  th e  h ig h e r  h y d ro c a rb o n s .
I t  was n o t  u n t i l  a lm o s t tw e n ty  y e a r s  l a t e r  t h a t  i t  
was c o n c lu d e d  t h a t  h y d ro c a rb o n  o x id a t io n  p ro c e e d s  v ia  a 
c h a in  m echanism . D u rin g  th e  in t e r v e n in g  y e a r s  a  l a r g e  amount 
o f  work has  b e en  done, m o s tly  in  th e  S o v ie t  U nion and  G re a t 
B r i t a i n ,  t o  s p e c i f y  th e  m ethod o f  i n i t i a t i o n ,  p ro p a g a t io n ,  
and  te r m in a t io n  o f  th e  c h a in s .  Today many o f  th e  p e c u l i a r ­
i t i e s  o f  th e  o x id a t io n  m echanism  a re  known, b u t  a m echanism  
w hich  a p p l ie s  t o  th e  o x id a t io n  o f  even  m ethane o v e r  a w ide 
ra n g e  o f  c o n d i t io n s  does n o t  e x i s t .
M ost o f  th e  p ro g r e s s  o v e r  th e  y e a r s  h as  b e en  made 
due to  work t o  p ro v e  o r  d is p ro v e  a p a r t i c u l a r  m echanism .
2Much r e s e a r c h  h a s  b een  done , f o r  i n s t a n c e ,  d u r in g  th e  p a s t  
s ev e n  y e a r s  t o  s t r e n g th e n  th e  m echanism  f o r  m ethane o x id a t io n  
p ro p o se d  b y  th e  e m in e n t S o v ie t  s c i e n t i s t ,  Semenov. B ased  on 
w ork a t  th e  U n iv e r s i ty  o f  Oklahom a, S em enov 's  m echanism  i s  
open to  q u e s t io n ,  i n d i c a t i n g  t h a t  more fu n d a m e n ta l w ork i s  
n eed ed .
M ost o f  th e  r e s e a r c h  c o n c e rn in g  th e  o x id a t io n  o f  
m ethane h a s  b e e n  done a t  low  p r e s s u r e  and  r e l a t i v e l y  h ig h  
te m p e r a tu r e .  T herm al o x id a t io n s  have  n o t  b een  c o n d u c te d  
a t  low  te m p e ra tu re  b e c a u se  th e  r a t e  o f  r e a c t i o n  i s  to o  
s lo w . However, some p h o t o - i n i t i a t e d  and  c a ta ly z e d  w ork h a s  
b e en  c a r r i e d  o u t  a t  low  te m p e ra tu re  and  p r e s s u r e ,  and  th e  
r e s u l t s  have  p ro v e d  v e ry  v a lu a b l e .  I t  was c o n c lu d e d  t h a t  
a d e q u a te  r e a c t i o n  r a t e s  f o r  th e rm a l o x id a t io n  c o u ld  be  
o b ta in e d  a t  low  te m p e ra tu re  b y  u se  o f  v e ry  h ig h  p r e s s u r e s .
The o b je c t iv e  o f  th e  p r e s e n t  w ork was t o  o b ta in  d a ta  
on th e  th e rm a l o x id a t io n  o f  m ethane a t  v e ry  h ig h  p r e s s u r e ,  
and , w ith  d a ta  a l r e a d y  a v a i l a b l e ,  to  p ro p o se  a m echanism  
f o r  th e  r e a c t i o n .
E x p e rim e n ts  w ere c o n d u c te d  a t  p r e s s u r e s  o f  a p p r o x i­
m a te ly  1 5 ,0 0 0 , 5 0 ,0 0 0  and 1 0 0 ,0 0 0  p s i . ,  a t  te m p e ra tu re s  o f  
250- > 420°C an d  a t  r e s id e n c e  tim e s  o f  e s s e n t i a l l y  z e ro  
t o  60 m in u te s .  Oxygen c o n c e n t r a t io n  was c o n s ta n t  a t  a b o u t 
8 .2  m ole p e r c e n t .  O x id a tio n s  w ere c o n d u c te d  in  th e  p re s e n c e  
o f  a lu m in a  and  P y r e x - p o r c e la in  in  o r d e r  t o  d e te rm in e  th e  
e f f e c t s  o f  th e s e  m a te r i a l s  on th e  r e a c t i o n .
CHAPTER I I  
FREE RADICAL THEORY
E a r l i e r  i t  was s t a t e d  t h a t  th e  o x id a t io n  o f  m ethane 
p ro c e e d s  v i a  one o r  more c h a in  m echan ism s. The o c c u r re n c e  
o f  a  c h a in  m echanism  i n  o rg a n ic  c h e m is t r y  im p l ie s  r e a c t i o n s  
o f  f r e e  r a d i c a l s . The f r e e  r a d i c a l  i s  an  e n e r g y - r i c h  
e n t i t y  in  t h a t  i t  i s  d e f i c i e n t  one o r  more p r o to n s ,  b u t  
i t  i s  n o t  d e f i c i e n t  i n  e l e c t r o n s .  E le c t r o n s  i n  th e  o u te r  
o r b i t a l s  a r e  u n p a i r e d .  One o f  th e  f r e e  r a d i c a l s  w h ich  can  
b e  d e r iv e d  from  m ethane i s  th e  m e th y l r a d i c a l ,  CH^. I t  i s  
one o f  th e  k e y  r a d i c a l s  i n  th e  o x id a t io n  o f  m e th an e .
The r e a c t i o n s  o f  f r e e  r a d i c a l s  d i f f e r  from  th o s e  
o f  s t a b l e  m o le c u le s  i n  t h a t  th e  e n e rg y  o f  a c t i v a t i o n ,  AE, 
i n  th e  r a t e  (A rrh e n iu s )  e q u a t io n  i s  v e ry  low . W hereas 
m o le c u la r  r e a c t i o n s  hav e  e n e r g ie s  o f  a c t i v a t i o n  o f  th e  
o r d e r  o f  60 -100  k c a l . / m o le ,  th e  maximum e n e rg y  o f  a c t i v a ­
t i o n  o f  a f r e e  r a d i c a l  w i th  a  m o le c u le  i s  o f  th e  o r d e r  o f  
10 k c a l /m o lc .  The e n e rg y  o f  a c t i v a t i o n  o f  one f r e e  r a d i c a l  
r e a c t i n g  w i th  a n o th e r  i s  ev en  lo w e r , som etim es b e in g  z e r o .  
U nder t h i s  c o n d i t io n  r e a c t i o n  r a t e  d epends o n ly  on p ro b ­
a b i l i t y  r e l a t e d  f a c t o r s  su ch  a s  c o n c e n t r a t io n  and  s p a t i a l  
c o n f ig u r a t io n  and  n o t  on e n e rg y  c o n s i d e r a t i o n s .  When two
4f r e e  r a d i c a l s  c o l l i d e  a t  a r i g h t  a n g le ,  no e n e rg y  b a r r i e r  
p re v e n ts  them  from  fo rm ing  a s t a b l e  compound b e c a u se  no 
t r a n s f e r  o f  e l e c t r o n s  i s  in v o lv ed o
S e v e ra l  ty p e s  o f  d i s t i n c t i v e  r e a c t io n s  a r e  known 
f o r  f r e e  r a d i c a l s .  These a r e  i n i t i a t i o n ,  p r o p a g a t io n ,  c h a in  
t r a n s f e r ,  d e g e n e ra te  b ra n c h in g  and  te r m in a t io n .  Two o th e r  
r e a c t io n s  o c c u r  d u r in g  p o ly m e r iz a t io n  o f  o rg a n ic  monomers, 
in t r a m o le c u la r  and in te r m o le c u la r  c h a in  b ra n c h in g , b u t  
th e s e  r e a c t io n s  a r e  im p ro b ab le  i n  m ethane o x id a t io n .
C hain  r e a c t io n s  m ust have  a  means o f  s t a r t i n g ,  and 
t h i s  s t e p  i s  u s u a l l y  r e f e r r e d  t o  as  i n i t i a t i o n .  I n i t i a t i o n  
can  o c cu r when a p e ro x id e  o r  h y d ro p e ro x id e  decom poses i n t o  
f r e e  r a d i c a l s .  The i n i t i a t i o n  s t e p  in  a  h y d ro c a rb o n  o x id a t io n  
p ro c e s s  i s  r e p r e s e n te d  b y  th e  r e a c t i o n  o f  oxygen w ith  th e  
h y d ro c a rb o n  t o  form  two f r e e  r a d i c a l s .  An exam ple u s in g  
m ethane i s
O2 + CH^ - 4  CH3 + HOg (2- 1 )
The a c t i v a t i o n  e n e rg y  f o r  t h i s  ty p e  o f  i n i t i a t i o n  c o u ld  be 
a s  h ig h  a s  1 0 0  k c a l . /m o le  s in c e  i t  i s  a m o le c u la r  r e a c t i o n .  
A n o th e r m ethod o f  i n i t i a t i o n  i s  a c h a in  r e a c t i o n  in  i t s e l f .
In  t h i s  c a se  one f r e e  r a d i c a l  o n ly  i s  need ed  to  form  a 
p e ro x id e  o r  h y d ro p e ro x id e  w hich  can  l a t e r  be  th e  so u rc e  o f  
f r e e  r a d i c a l s . T h is  ty p e  o f  r e a c t i o n  consum es r e a c t a n t  
m o le c u le s , c o n ta in s  a  p ro p a g a t io n  s t e p ,  and le a d s  t o  fo rm a tio n  
o f  f i n a l  p ro d u c t .  An exam ple, th e o r i z e d  b y  L o t t  (29) f o r  th e  
o x id a t io n  o f  m ethane a t  h ig h  p r e s s u r e  i s :
1 . CH  ^ + 02  CHgOO
2. CH^OO + CH^ CH^OOH + OH (2-2)
3 . ÔH + CH. -4  H 0 + CH_4 2 3
The m e th y l h y d ro p e ro x id e  i s  form ed in  s t e p  two and 
i s  a v a i l a b l e  as  an i n i t i a t o r  f o r  a n o th e r  f r e e  r a d i c a l  r e a c t i o n = 
The t h i r d  s t e p  form s th e  f i n a l  p ro d u c t  and th e  r a d i c a l  need ed  
t o  form  more in te r m e d ia te  i n  th e  f i r s t  s t e p ,  w h ich  form s more 
h y d ro p e ro x id e , e t c .  R e a c tio n s  o f  f r e e  r a d i c a l s  a r e  v e ry  r a p id ,  
s in c e  l i t t l e  e n e rg y  i s  r e q u i r e d .  In  some c a s e s  th e  h e a t  o f  
r e a c t i o n ,  d e r iv e d  from  th e  p ro p a g a t io n  s t e p ,  i s  h ig h ,  and  th e  
r e a c t i o n  r a t e  a c c e l e r a t e s  due t o  a  te m p e ra tu re  i n c r e a s e .
U su a lly  th e  p ro p a g a t io n  s t e p  does n o t  in c lu d e  an 
i n i t i a t i o n  s t e p .  The fo l lo w in g  i s  a p ro p a g a t io n  scheme p r o ­
p o sed  b y  Semenov (50) w hich  i s  b e l ie v e d  t o  o c c u r  i n  m ethane 
o x id a t io n :
1 . ÔH + CH^ HgO + CH3
2 . CH3 + O2 CH3 OÔ (2 -3 )
3 . CH3 OÔ HCHO + ÔH
The e n e rg y  o f  a c t i v a t i o n  f o r  p ro p a g a t io n  i s  u s u a l l y  s i x  
t o  n in e  k c a l . /m o le .
A t h i r d  ty p e  o f  f r e e  r a d i c a l  r e a c t i o n  i s  c h a in  t r a n s ­
f e r ,  In  t h i s  c a s e  a  h y d ro g en  atom  i s  rem oved o r  a b s t r a c t e d  
from  a m o lecu le  b y  a f r e e  r a d i c a l ,  and  th e  u n p a ire d  e l e c t r o n  
c o n f ig u r a t io n  p a s s e s  t o  th e  m o le c u le  l o s in g  th e  h y d ro g en .
In  e f f e c t  th e  m o lecu le  becom es a f r e e  r a d i c a l ,  w h ile  th e  
f r e e  r a d i c a l  becom es i n a c t i v e  o r  i s  te r m in a te d .  T h is  p ro ­
c e s s  i s  n o t  c o n s id e re d  a t e r m in a t io n  s t e p ,  how ever, b e c a u se
6a f r e e  r a d i c a l  i s  n o t  l o s t .  The new r a d i c a l  form ed may be 
l e s s  o r  more a c t i v e  th a n  th e  one d e a c t iv a t e d .  H ydrogen 
a b s t r a c t i o n  w ould o c c u r  b e tw een  a m e th y l r a d i c a l  and  e th a n e  
i n  th e  fo l lo w in g  m anner
CH3 + H3 C-CH3 - i  CH^ + H3 C-CH3 (2 -4)
The e n e rg y  o f  a c t i v a t i o n  o f  c h a in  t r a n s f e r  i s  u s u a l l y  sev en  
t o  t e n  k c a l . / m o le .
D e g e n e ra te  b ra n c h in g  i s  a m o le c u la r  r e a c t i o n  b e tw een  
a s t a b l e  in t e r m e d ia te  p ro d u c t  and  one o f  th e  i n i t i a l  r e a c t a n t s  
i n  w h ich  th e  r a t e  o f  f r e e  r a d i c a l  fo rm a tio n  i s  g r e a t e r  th a n  in  
th e  i n i t i a t i o n  m echanism  d e s c r ib e d  in  e q u a t io n  ( 2 - 1 ) .  In  
m ethane o x id a t io n  th e  f o l lo w in g  d e g e n e ra te  b ra n c h in g  r e a c t i o n  
c o u ld  o c c u r
0 .  + HCHO - 4  HCÔ + HÔ3 (2 -5 )
E ach HCO and HOg r a d i c a l  i s  c o n s id e r e d  t o  be  a  c h a in  
i n i t i a t o r .  The r a t e  o f  r e a c t i o n  o f  oxygen w ith  fo rm ald eh y d e  
( in te r m e d ia te  p r o d u c t ) , how ever, i s  much g r e a t e r  th a n  th e  
r a t e  o f  r e a c t i o n  o f  oxygen w ith  m eth an e.
T e rm in a tio n  i s  d e f in e d  a s  th e  p e rm an en t l o s s  o f  a  f r e e  
r a d i c a l .  F re e  r a d i c a l s  c an  te r m in a te  a t  th e  s u r f a c e  o f  th e  
r e a c t i n g  v e s s e l ,  o r  tw o f r e e  r a d i c a l s  c an  r e a c t  w ith  e a c h  
o t h e r  an d  form  one o r  two s t a b l e  com pounds. The fo rm er c a se  
i s  r e f e r r e d  to  a s  u n im o le c u la r  t e r m in a t io n  and  th e  l a t t e r  as 
b im o le c u la r .  The e n e rg y  o f  a c t i v a t i o n  f o r  t e r m in a t io n  i s  
u s u a l l y  l e s s  th a n  one k c a l . / m o le .  B im o le c u la r  t e r m in a t io n  
can  b e  v i a  a  c o m b in a tio n  r e a c t i o n
7HCO + OH HCOOH, (2 -6)
o r  v i a  d i s p r o p o r t i o n a t i o n ,  w here two compounds a r e  form ed 
CH3 + H3CCH2 CH^ + H2C= CH  ^ (2 -7 )
I t  i s  w e l l  known t h a t  a c e ty le n e  and  e th y le n e ,  f o r  in s t a n c e ,  
a r e  p ro d u c ts  o f  m ethane o x id a t io n  a t  v e ry  h ig h  te m p e ra tu re s  
and  s h o r t  r e s id e n c e  t i m e s . O nly a s m a ll  f r a c t i o n  o f  th e  
u n s a tu r a te d  p ro d u c ts  a r e  made in  t h i s  way, ho w ev er. M ost 
a r e  made b y  io n ic  r e a c t i o n s .
A t h ig h  p r e s s u r e ,  w here th e r e  i s  l e s s  ch an ce  f o r
d i f f u s i o n  o f  th e  f r e e  r a d i c a l s  t o  th e  w a l l s ,  b im o le c u la r
te r m in a t io n  p re d o m in a te s  o v e r ,  b u t  n o t  to  th e  e x c lu s io n  o f ,  
u n im o le c u la r  t e r m in a t io n .
Two im p o r ta n t  r e f e r e n c e  te rm s  i n  c h a in  r e a c t io n s  
a r e  th e  c h a in  l e n g th ,  v ,  and  th e  number o f  a c t i v e  c h a in s ,  
n ^ . The r a t e  a t  w h ich  c h a in s  a r e  g e n e r a te d  i s  g iv e n  a s  w^. 
The o v e r a l l  r a t e  o f  a  c h a in  r e a c t i o n ,  w, i s  e q u a l  t o  th e  
p r o d u c t  o f  th e  c h a in  l e n g th  and  th e  num ber o f  c h a in s  g e n e r ­
a t e d ,
w = i/Wq (2 - 8 )
The c h a in  l e n g th  i s  th e n
V = “  (2 -9 )
o
In  o r d e r  t o  d e te rm in e  th e  number o f  a c t i v e  c h a in s ,  assum e 
t h a t  f r e e  r a d i c a l s  a r e  p ro d u c e d  i n  a  g iv e n  r e a c t o r  o f  u n i t  
volum e a t  a  r a t e  w. F re e  r a d i c a l s  a r e  te r m in a te d  i n  th e  
r e a c t o r  a t  a r a t e  g^^n^, w here g-  ^ i s  th e  r a t e  c o n s ta n t  o f  
t e r m in a t io n .  T hus, th e  in s ta n ta n e o u s  r a t e  o f  a c t i v e  c h a in s
i s  g iv e n  by
dn
— = w -  g^n^ (2 - 1 0 )
d t
The s o l u t i o n  f o r  n^ i s
n^ = g^w + ce ^ 1 ^ (2 - 1 1 )
w here c  i s  th e  i n t e g r a t i o n  c o n s t a n t .  W ith th e  i n i t i a l  co n ­
d i t i o n  t h a t  n^ = 0 a t  t  = 0 / th e  i n t e g r a t i o n  c o n s ta n t  i s
c = -g^w^
Thus
n = ^  (1 -  e " ^ l^ )  (2 - 1 2 )o • g^
A f te r  s u f f i c i e n t  tim e  h a s  e la p s e d  fo l lo w in g  th e  fo rm a tio n  
o f  th e  f i r s t  c h a in ,  th e  e x p o n e n t ia l  te rm  a p p ro a c h e s  z e ro  
and E q u a tio n  (2 -12) re d u c e s  t o
■>0 = ^  <2-13)
The above e q u a t io n  w i l l  h o ld  so  lo n g  a s  th e  d e c re a s e  in  th e  
c o n c e n t r a t io n  o f  i n i t i a l  r e a c t a n t s  does n o t  a f f e c t  th e  
p ro p a g a t io n  s t e p .
An exam ple o f  a co m p le te  c h a in  m echanism  i s  g iv e n  
b e lo w . R e la t io n s h ip s  w i l l  b e  d e r iv e d  w hich  y i e l d  th e  c h a in  
l e n g th ,  th e  r a t e  c o n s ta n t  o f  i n i t i a t i o n  and  th e  o v e r a l l  
r a t e  c o n s ta n t .
1 . + Xg + Yg
2 . + Xj ^  P j + Yj k j
3 . Yj + Xj ^  P j + Y]^  k j  <2-14)
4 .  Y^ + Y3 P j k ^
w a ll
5 . Yg —^  t e r m in a t io n  kg
where
= r e a c t a n t  in  r e a c t i o n  
= f r e e  r a d i c a l  i n  r e a c t i o n  
= p ro d u c t  o f  r e a c t i o n
The i n i t i a t i o n ,  p ro p a g a t io n  and  te r m in a t io n  s t e p s  a re  
r e a d i l y  i d e n t i f i e d  a s  e q u a t io n  1 , e q u a t io n s  2 and  3 , and  eq u a ­
t i o n s  4 and  5 , r e s p e c t i v e l y .
The c o rre s p o n d in g  r a t e  e q u a t io n s  f o r  t h i s  s e t  o f  
c h e m ic a l e q u a t io n s  a r e ;  
d [Y ,]
1» —d T  = + k^CXg] [Y3] -  k^ Cx^ JCY]^ ]
-k^CY^lCY^]
d[Y_]
2 . = k^^CXj^JCXg] -  "kgCYg]
d[Y ]
3 . = kg[X^][Y]^] -  kgCXglCYg] -  k^CYj^jCYgJ (2-15]
d[Xn ]
4 . ^  = kj^CXj^JCXg] + kg[X 3_][Y^]
d[X g]
5 . -  kj^CXj^jCXg] + kgCXglCYgJ
w here
[ ] = c o n c e n t r a t io n
T hese e q u a t io n s  can  b e  h a n d le d  a s  any s e t  o f  s im u l­
ta n e o u s  e q u a t io n s .  U n f o r tu n a te ly  th e  in d iv id u a l  e q u a t io n s  
a r e  n o n l in e a r ,  and  th e  d i f f i c u l t y  i n  f in d in g  a  c l a s s i c a l  
s o l u t i o n  i s  o b v io u s . C e r ta in  f e a t u r e s  o f  th e  sy s te m  a re  
known, h o w ev er. The number o f  c h a in s  i n i t i a t e d  depends on 
th e  number o f  m o le c u le s  X^ and  Xg w hich  r e a c t .
Wo = k j^[x^][X g] (2 -16)
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The o v e r a l l  r e a c t i o n  r a t e ,  w, i n  th e  c a s e  b e in g  c o n s id e re d  
i s  g iv e n  b y  e i t h e r  E q u a tio n  4 o r  E q u a tio n  5 o f  S e t  ( 2 - 1 5 ) o 
Thus
d[X ^]
w  ------------------------------------------------- (2 -17)
o r
d [ X „ ]
w  -------^  (2 -18)
T hese r e a c t i o n  r a t e s  a r e  e q u a l  i n  th e  p r e s e n t  c a s e  s in c e  
b o th  e q u a t io n s  co m p rise  th e  c h a in  m echanism  and  th e  f r e e  
r a d i c a l s  c o n c e rn e d  te r m in a te  to  form  th e  p r o d u c t ,  The
o v e r a l l  r e a c t i o n  r a t e  i s  a l s o  g iv e n  b y  E q u a tio n  ( 2 - 8 ) » Sub­
s t i t u t i n g  E q u a tio n  (2-16) in  E q u a tio n  ( 2 - 8 ) ,  th e  o v e r a l l  
r e a c t i o n  r a t e  i s
d [ x , ] d[X.]
d t~  d t  “  ^^^1^^1^^^2^ (2 -19)
In  th e  p r e s e n t  i n s t a n c e ,  i t  i s  p o s s ib l e  t o  d e te rm in e  
th e  k i n e t i c  c h a in  le n g th  b y  n o t in g  t h a t  i s  form ed i n  th e  
c h a in  r e a c t i o n  and  t h a t  th e  r a d i c a l s ,  and Y^, te r m in a te  
t o  form  P^ . T h e re fo re ,
•' = (2 - 2 °)
S u b s t i t u t i o n  o f  E q u a tio n  (2 -20) i n  E q u a tio n  (2 -19 ) g iv e s  th e
fo llo w in g  e q u a t io n  w hich  can  be  u se d  t o  d e te rm in e  th e  i n i t i a ­
t i o n  r a t e  c o n s t a n t ,  k^ ,
d [X .]  [ P . ]
-  “ d T "  '  T p p -k lk i lC X ;]  (2-21)
11
I n s p e c t io n  o f  E q u a tio n  (2-21) shows t h a t  th e  o v e r a l l  r e a c t io n  
r a t e  c o n s ta n t ,  k , i s
[Pg]
k = \  (2 - 2 2 )
In  th e  c a s e  assum ed, i t  i s  p o s s ib le  t o  d e te rm in e  th r e e  im­
p o r t a n t  c o n s ta n t s  o f  th e  c h a in  r e a c t i o n — th e  c h a in  le n g th ,  
th e  r a t e  c o n s ta n t  f o r  th e  i n i t i a t i o n  r e a c t i o n  and  th e  o v e r a l l  
r a t e  c o n s ta n t  f o r  th e  r e a c t i o n .
A n o th e r m ethod f o r  s o l u t io n  o f  th e  r a t e  e q u a t io n s  
f o r  a  c h a in  r e a c t i o n  i s  th e  q u a s i  s te a d y  s t a t e  m ethod . A l­
th o u g h  th e  q u a s i  s te a d y  s t a t e  m ethod was n o t  u sed  i n  th e  c a se  
i l l u s t r a t e d ,  i t  c an  be  a p p l ie d  i n  many c a s e s .  I f  an i n t e r ­
m e d ia te  p ro d u c t  i s  made i n  s u f f i c i e n t  c o n c e n t r a t io n s  to  be  
m easu red  and  th e  in te r m e d ia te  r e a c t s  w ith  one o f  th e  i n i t i a l  
r e a c t a n t s ,  th e  q u a s i  s te a d y  s t a t e  m ethod can  b e  u s e d . In  
t h i s  m ethod th e  r e a c t i o n  r a t e s  o f  th e  f r e e  r a d i c a l s  a re  
assum ed t o  be  much f a s t e r  th a n  th e  r e a c t i o n  r a t e  o f  th e  
in te r m e d ia te  p ro d u c t .  The r a t e  e x p re s s io n s  f o r  th e  f r e e  
r a d i c a l s  a r e  s e t  e q u a l t o  z e ro ,  i . e . ,
aCY,]
- d T  = °  <2-23)
I t  i s  th u s  p o s s ib le  t o  s o lv e  th e  s im u lta n e o u s  r a t e  e q u a t io n s ,  
su ch  a s  th o s e  g iv e n  in  S e t  (2 -1 5 ) , b y  e q u a t in g  r a d i c a l  con ­
c e n t r a t i o n s  t o  th e  in te r m e d ia te  p ro d u c t  c o n c e n t r a t io n .
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CHAPTER I I I  
PRIOR WORK
E a r ly  r e s e a r c h  i n t o  th e  o x id a t io n  o f  h y d ro c a rb o n s  
was done t o  e l u c i d a t e  n o n -c h a in  m echanism s and  v a lu a b le  
d a ta  w ere c o l l e c t e d .  S u b s e q u e n tly  e x p e r im e n ta l  w ork was 
done t o  d e v e lo p  a c h a in  m echanism  s p e c i f i c a l l y  f o r  m ethane 
o x id a t io n .  Thus f a r  th e  r e s u l t s  a r e  in c o n c lu s iv e .
S u b a tm o sp h e ric  and  A tm o sp h eric  P r e s s u r e  
V i r t u a l l y  a l l  o f  th e  w ork h a s  b e en  done a t  a tm o sp h e r ic  
and  s u b a tm o sp h e r ic  p r e s s u r e .  Some o f  th e  d a ta  o f  K arm ilova^ 
E n ik o lo p y an  and  N albandyan  (21) a re  shown p l o t t e d  in  F ig u re s  
1 and 2 . The p r e s s u r e  and te m p e ra tu re  w ere 235 ram Hg and  
472°C, r e s p e c t i v e l y .  A h y d r o f lu o r i c  a c i d - t r e a t e d  q u a r tz  
r e a c t o r  was u se d , and  th e  0 ^ :CH^ r a t i o  was 2 :1 .  T hese p l o t s  
a r e  t y p i c a l  o f  th o s e  in  th e  l i t e r a t u r e ;  th e y  show th e  d i s ­
a p p e a ra n c e  o f  th e  oxygen and  m eth an e , th e  fo rm a tio n  o f  th e  
p ro d u c ts  and th e  change in  t o t a l  p r e s s u r e  r e l a t i v e  t o  t im e . 
U nder th e s e  c o n d i t io n s  th e  m a jo r p ro d u c ts  a r e  w a te r ,  c a rb o n  
m onoxide and  c a rb o n  d io x id e .  An im p o r ta n t  c h a r a c t e r i s t i c  
o f  th e  o x id a t io n  o f  m ethane a t  a tm o s p h e r ic  p r e s s u r e  i s  th e  
in c r e a s e  in  c a rb o n  m onoxide c o n c e n t r a t io n  t o  a  m o d era te  
v a lu e  and  th e n  th e  s lo w  d e c re a s e  as  c a rb o n  d io x id e  i n c r e a s e s
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F ig u re  1 . D isa p p e a ra n c e  o f  R e a c ta n ts  and  F o rm a tio n  
o f  P ro d u c ts  a t  235 mm Hg P r e s s u r e  [fro m  
L. V. K arm ilo v a , N. S . E n ik o lo p y an  and 
A. B. N albandyan  ( 2 1 ) ] .
I
UJ 0.4
HCHO
(g 0 .3
0.2
TIME , MIN.
F ig u re  2 . F o rm a tio n  o f  F orm aldehyde and  H ydrogen
P e ro x id e  a t  235 mm Hg P r e s s u r e  [fro m  
L. V. K arm ilo v a , N. W. E n ik o lo p y an  and 
A. B. N albandyan  ( 2 1 ) ] .
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a lm o s t l i n e a r l y .  T h is  t r e n d  h a s  b e e n  i n t e r p r e t e d  t o  mean 
t h a t  p a r t  o f  th e  c a rb o n  m onoxide i s  b e in g  o x id iz e d  to  
c a rb o n  d io x id e  (23) .
In  F ig u re  2 th e  fo rm a tio n  o f  fo rm ald eh y d e  (HCHO) 
i n d i c a t e s  a maximum w ith  t im e . O th e r w o rk e rs  h av e  a l s o  
r e p o r te d  an  i n i t i a l  i n c r e a s e  i n  fo rm ald eh y d e  (4 , 5 ) ,  b u t  
th e y  fo und  t h a t  th e  c o n c e n t r a t io n  was e s s e n t i a l l y  c o n s ta n t  
t o  th e  end  o f  th e  r e a c t i o n  t im e . T h is  l e v e l i n g  o u t  o f  th e  
fo rm ald eh y d e  c o n c e n t r a t io n  le d  t o  th e  a c c e p ta n c e  a t  one 
tim e  o f  fo rm ald eh y d e  a s  th e  k ey  in te r m e d ia te  i n  th e  o x id a ­
t i o n  o f  m ethane a t  low  p r e s s u r e s  and  a t  te m p e ra tu re s  above 
350°C .
The fo rm a tio n  o f  h y d ro g en  p e ro x id e  i s  a l s o  shown in  
F ig u re  2 . The p re s e n c e  o f  h y d ro g en  p e ro x id e  was d e f i n i t e l y  
p ro v e d  when i t  was i s o l a t e d  from  th e  r e a c t i o n  m ix tu re  (3 7 ) .
I f  fo rm ald eh y d e  p la y s  a  k ey  r o l e  i n  th e  o x id a t io n  o f  m e th an e , 
th e  in c r e a s e  o f  h y d ro g en  p e ro x id e  t o  a maximum c o u ld  mean 
t h a t  i t  a l s o  in f lu e n c e s  th e  r e a c t i o n  r a t e .
The p re s e n c e  o f  o rg a n ic  p e ro x id e s  o r  h y d ro p e ro x id e s  
h a s  n o t  b e e n  d e te c te d  u n d e r  th e  c o n d i t io n s  d e s c r ib e d  e a r l i e r .  
A t low  te m p e r a tu r e s ,  a b o u t 150°C, p h o t o - i n i t i a t i o n  h a s  g iv e n  
h ig h  y i e l d s  o f  h y d ro p e ro x id e s ,  how ever (2 4 ) .  In  a n o th e r  
s tu d y  b y  F is h e r  an d  T ip p e r  (10) m ethane was o x id iz e d  b y  
th e  p h o to -d e c o m p o s i tio n  o f  a c e to n e .  The m ain p ro d u c ts  w ere 
c a rb o n  m onoxide, c a rb o n  d io x id e ,  w a te r ,  fo rm ald eh y d e  and 
m e th a n o l. The l a t t e r  two p ro d u c ts  re a c h e d  a maximum 
c o n c e n t r a t io n  and  th e  m e th an o l a p p e a re d  l a t e  i n  th e  e x p e r im e n t .
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A f te r  s e v e r a l  e x p e r im e n ts  a t  395°C, th e  r a t e  depended  on 
r e t r e a tm e n t  o f  th e  r e a c t o r  s u r f a c e .  A p p re c ia b le  am ounts 
o f  h y d ro g en  p e ro x id e  and  m eth y l h y d ro p e ro x id e  w ere p r e s e n t  
when th e  r e a c t o r  s u r f a c e  was a c t i v a t e d  b y  w ash ing  w ith  
n i t r i c  a c id ,  and  a l a r g e  am ount o f  m e th an o l was m ade.
The d e c o m p o s itio n  o f  m e th y l h y d ro p e ro x id e  form ed a t  
395°C was b e l i e v e d  b y  F is h e r  and T ip p e r  (1 1 ) , t o  form  fo rm a l­
dehyde, m e th a n o l, w a te r  and  p ro b a b ly  oxygen . The r a t i o  o f  
fo rm aldehyde  t o  m e th an o l was g iv e n  as  1 . 0  w ith  an a c t i v a t e d  
s u r f a c e  and  4 .0  w ith  a  d e a c t iv a te d  s u r f a c e .  The h a l f  l i f e  
o f  th e  h y d ro p e ro x id e  was e s t im a te d  to  be  30 seco n d s  w ith  an 
a c t i v a t e d  s u r f a c e  and  5 -10  seco n d s  w ith  a  d e a c t iv a te d  o n e . 
Some ta g g e d  a c e to n e  gCO, was u se d  in  t h i s  w ork, and
some was fo u n d . T h is  r e s u l t  l e d  t o  th e  c o n c lu s io n
t h a t  th e r e  was some h y d ro g en  a b s t r a c t i o n  b y  th e  m e th y l 
r a d i c a l .
A t low p r e s s u r e  an in d u c t io n  p e r io d ,  t , i s  c h a r a c t e r ­
i s t i c  o f  th e  o x id a t io n  o f  m e th an e . From F ig u re  1, i t  i s  
s e e n  t h a t  th e  in d u c t io n  tim e  i s  a b o u t fo u r m in u te s . The 
tim e  v a r i e s  w ith  te m p e ra tu re  b u t  t o  a g r e a t e r  d e g re e  w ith  
th e  s u r f a c e  c h a r a c t e r i s t i c s  o f  th e  r e a c t o r ,  su ch  a s  t o t a l  
s u r f a c e  and  s u r f a c e  to  volum e r a t i o .  I t  a l s o  v a r i e s  w ith  
some a d d i t i v e s ,  N o r r is h  and  Foord  (42) and  N o r r i s h  and 
Reagh (43) found  t h a t  th e  r a t e  o f  r e a c t i o n  i s  a lm o s t de­
c re a s e d  t o  z e ro  i f  th e  r e a c t o r  d ia m e te r  i s  l e s s  th a n  3 .0  
mm, and th e  r a t e  in c r e a s e s  a s  th e  d ia m e te r  in c r e a s e s  up 
to  a b o u t 16 ram. A g r e a t e r  in c r e a s e  h a s  l i t t l e  f u r t h e r
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e f f e c t  on th e  r a t e .  F o r t  and  H inshelw ood  (12) and  Bone and 
G ard n er (5) found p a c k in g  a  q u a r tz  v e s s e l  w ith  q u a r tz  c h ip s  
g r e a t l y  re d u c ed  th e  r a t e  o f  r e a c t i o n  and in c r e a s e d  th e  
in d u c t io n  p e r io d .  The in d u c t io n  p e r io d  was in c r e a s e d  from  
14 t o  62 m in u te s  when th e  s u r f a c e  t o  volum e r a t i o  was 
in c r e a s e d  by  a f a c t o r  o f  two b y  p a c k in g  th e  v e s s e l .  T h is  
e f f e c t  was co n firm e d  by  van  M eerssche  (35) who fo und  t h a t  
th e  maximum r e a c t io n  r a t e  i s  i n v e r s e l y  p r o p o r t io n a l  t o  th e  
s u r f a c e  t o  volume r a t i o .
The m ost co m p reh en s iv e  work on th e  e f f e c t  o f  th e  
n a tu r e  o f  th e  s u r f a c e  on th e  o x id a t io n  o f  m ethane was done 
b y  W alsh and  H oare and  t h e i r  co w o rk ers  (6 , 7 , 8 , 16 , 1 8 ) .  
The d i f f e r e n t  s u r f a c e s  i n v e s t i g a t e d  c o n s i s t e d  o f :  h e a t
t r e a t e d  s i l i c a ,  l e a d  o x id e  c o a te d  s i l i c a ,  s i l i c a  w ashed 
w ith  h y d r o f lu o r ic  a c id  and  h y d r o c h lo r ic  a c id ,  sodium  
h y d ro x id e  w ashed a f t e r  h y d r o f lu o r i c  a c id  t r e a tm e n t ,  
t r e a tm e n t  by  g a se s  and  a  r e a c t o r  ag ed  o n ly  b y  c o n d u c tin g  
a  number o f  e x p e r im e n ts  i n  i t .  A p l o t  o f  th e  r e s u l t s  o f  
f o u r  o f  th e  s u r f a c e s  i s  shown in  F ig u re  3 . The a c t i v i t y ,  
i n  d e c r e a s in g  o r d e r ,  i s :  new s i l i c a  v e s s e l ,  aged  b y  r e ­
a c t i o n ,  h e a t  t r e a t e d  and  l e a d  o x id e  t r e a t e d .  The new 
v e s s e l  a p p a r e n t ly  h a s  l i t t l e  c a p a b i l i t y  o f  te r m in a t in g  
any  o f  th e  f r e e  r a d i c a l  s p e c i e s .  T h is  ty p e  o f  c u rv e  i s  
d i f f e r e n t  from  th o s e  o b ta in e d  w ith  th e  l e s s  a c t i v e  s u r f a c e s .  
A f te r  a  s h o r t  in d u c t io n  t im e , th e  r e a c t i o n  p ro c e e d s  a t  a 
h ig h ,  e s s e n t i a l l y  c o n s ta n t  r a t e  u n t i l  one o f  th e  r e a c t a n t s  
i s  d e p le t e d .  H oare (16) em p h asizes  t h a t  w ith  th e  r e s u l t s
1 1
70
T= 500® C
6 0 NEW VESSEL
AGED" VESSEL5 0
4 0
< 3 0
20
HEAT-TREATED
VESSEL
PbO COATED VESSEL
100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 00
TIME , SEC.
F ig u re  3 . R e a c tio n  R a te s  f o r  O x id a tio n  o f  M ethane
i n  R e a c to rs  w ith  T r e a te d  S u r fa c e s  [fro m  
D. E. H oare ( 1 5 ) ] .
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o b ta in e d  on th e  e f f e c t  o f  th e  s t a t e  o f  th e  s u r f a c e  on th e  
o x id a t io n  o f  m e th an e , i t  i s  c l e a r  why c o n f l i c t i n g  r e s u l t s  
a p p e a r  i n  th e  l i t e r a t u r e .  When u s in g  a  s i l i c a - c o n t a i n i n g  
r e a c t o r ,  f o r  i n s t a n c e ,  d e v i t r i f i c a t i o n  o c c u r s ,  and th e  
s u r f a c e  m ust be r e a c t i v a t e d .
Gudkov (14) i n v e s t i g a t e d  th e  o x id a t io n  o f  m ethane 
by  a i r  i n  a  s t a i n l e s s  s t e e l  r e a c t o r  p ack ed  w ith  q u a r tz ,  
p o r c e l a in ,  f i r e b r i c k ,  h ig h  a lu m in a - c o n te n t  f i r e b r i c k  o r  
s i l i c a  g e l .  Q u a r tz  gave  th e  h i g h e s t  c o n v e r s io n ,  b u t  
p o r c e l a in  gave th e  h i g h e s t  y i e l d  o f  fo rm a ld e h y d e — 0 .2 5  
m o le /m o le  o f  m ethane consum ed.
S ta d n ik  and  Gomonai (51) i n v e s t i g a t e d  ^ h e  o x id a t io n  
o f  m ethane in  a  f lo w  sy s te m  a t  500°C and a t  700-800°C . A 
q u a r tz  r e a c t o r  was u s e d . In  some e x p e r im e n ts  th e  q u a r tz  
s u r f a c e  was p a r t l y  c o v e re d  w ith  b r a s s ,  c o p p e r  o r  p la t in u m .
I t  was fo u n d  t h a t  th e  fo rm ald eh y d e  c o n c e n t r a t io n  in c r e a s e d  
w ith  an  in c r e a s e  i n  th e  p e rc e n ta g e  o f  q u a r tz  s u r f a c e  ex p o se d . 
They a l s o  e s s e n t i a l l y  d u p l i c a t e d  th e  work o f  H oare and  W elsh 
(1 6 ) , (18) and  r e p o r t e d  th e  same ra n k in g  o f  th e  a c t i v i t y  o f  
th e  s u r f a c e s .
The e f f e c t  o f  th e  n a tu r e  o f  th e  s u r f a c e  on th e  
o x id a t io n  o f  m ethane was a l s o  i n v e s t i g a t e d  b y  M ari, Let o r t ,  
N ic la u s e  and  D z ie rz y n s k i  (33) . They p o s t u l a t e d  t h a t  w a te r  
form ed d u r in g  th e  r e a c t i o n  i s  a t  l e a s t  p a r t l y  r e s p o n s ib le  
f o r  th e  change i n  th e  s u r f a c e  a c t i v i t y  o f  th e  r e a c t o r  and 
t h a t  fo rm ald eh y d e  i s  n o t  th e  o n ly  f a c t o r  i n  a u to ­
a c c e l e r a t i o n  o f  th e  s lo w  o x id a t io n  o f  m e th an e .
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V a rio u s  a d d i t i v e s ,  o th e r  th a n  known a c t i v a t o r s  
su ch  as  o x id e s  o f  n i t r o g e n ,  have  b e e n  u se d  i n  th e  o x id a ­
t i o n  o f  m eth an e . G a rd n er and  Bone (5) ad d ed  fo rm ald eh y d e  
and found  t h a t  th e  in d u c t io n  tim e  was re d u c e d . When th e  
e q u i l ib r iu m  am ount o f  fo rm ald eh y d e  t h a t  o c c u rs  d u r in g  
th e  o x id a t io n  was ad d ed , th e  in d u c t io n  tim e  was c o m p le te ly  
e l im in a te d .  K arm ilo v a , E n ik o lo p y an  and  N albandyan  (22) 
i n v e s t i g a t e d  th e  e f f e c t  o f  h y d ro g en  p e ro x id e  and  w a te r  on 
th e  k i n e t i c s  o f  m ethane o x id a t io n .  They c o n c lu d e d  t h a t  
h y d ro g en  p e ro x id e  a c c e l e r a t e s  th e  r e a c t i o n  b y  s h o r te n in g  
th e  in d u c t io n  p e r io d  and  t h a t  n e i t h e r  h y d ro g en  p e ro x id e  n o r 
w a te r  p la y  a  p a r t  i n  any  d e g e n e ra te  b ra n c h in g  r e a c t i o n .
In  a s tu d y  b y  Gudkov (13) a two s ta g e  r e a c t i o n  
was c a r r i e d  o u t ,  and  fo rm ald eh y d e  was rem oved a f t e r  th e  
f i r s t  s t a g e .  I t  was r e p o r te d  t h a t  when fo rm ald eh y d e  was 
rem oved, l e s s  c a rb o n  m onoxide and  c a rb o n  d io x id e  w ere  m ade. 
When oxygen was i n j e c t e d  b e tw een  s t a g e s ,  th e  fo rm ald eh y d e  
c o n c e n t r a t io n  w ent up 1 0 - 1 2  p e r c e n t ,  b u t  th e  c a rb o n  m onoxide 
and  c a rb o n  d io x id e  in c r e a s e d  by  50 p e r c e n t .
M antashyan and  N albandyan  (31) r e p o r t  o x id a t io n  o f  
m ethane c a r r i e d  o u t  a t  v e ry  low  oxygen p r e s s u r e — 3 .0  mm.
The r e a c t i o n  was i n i t i a t e d  b y  l i g h t .  I n  a d d i t i o n  t o  f o r ­
m aldehyde, fo rm ic  a c id  was o b ta in e d .  I n i t i a t i o n  v i a  ozone 
and  p h o t o - i n i t i a t i o n  w ere u sed  i n  a  s tu d y  by  K leim enov and 
N albandyan  (25) a t  low  te m p e r a tu r e .  The k i n e t i c  r e s u l t s  
w ere th e  same u s in g  b o th  m ethods o f  i n i t i a t i o n .  They p r o ­
p ose  a m echanism  in  w hich  m e th y l h y d ro p e ro x id e  i s  an
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in te rm e d ia te o  S c h n e id e r  (47) r e p o r t e d  e th a n e ,  e th y le n e  and 
a c e ta ld e h y d e  a s  b e in g  among th e  p ro d u c ts  o f  m ethane o x id a tio n *  
A q u a r tz  r e a c t o r  was u s e d , and te m p e ra tu re s  o f  676, 724, and 
770°C w ere i n v e s t i g a t e d .
The o x id a t io n  o f  m ethane was c a r r i e d  o u t  b y  Avram enko, 
K o le sn ik o v a  and  K u tn e tso v a  (2) i n  w a te r  v a p o r  u s in g  a h ig h  
v o l ta g e  s p a rk  a s  i n i t i a t i o n .  The m ain  p ro d u c ts  w ere c a rb o n  
m onoxide, w a te r  and  fo rm a ld e h y d e . S m a ll am ounts o f  m e th an o l 
w ere a l s o  fo und  a t  240 and  276°C .
K in e t ic s  o f  th e  s lo w  o x id a t io n  o f  m ethane was s tu d i e d  
b y  H sien-C heng  Yao (1 9 ) . I t  was c o n c lu d e d  t h a t  th e  o x id a t io n  
i s  z e ro  o r d e r  w ith  r e s p e c t  t o  oxygen and  m ethane when th e  
p a r t i a l  p r e s s u r e  o f  oxygen i s  l e s s  th a n  t h a t  o f  m e th an e . In  
a l a t e r  p a p e r ,  H sien -C heng  and  R uof (20) r e p o r te d  on th e  
th e rm a l o x id a t io n  a t  400-480°C . B elow  416-430°C  th e y  found  
t h a t  th e  r a t e  depends o n ly  on th e  i n i t i a l  p r e s s u r e s  o f  
m ethane and oxygen . The r a t e  i s  u n a f f e c t e d  b y  t o t a l  p r e s s u r e ,  
d i l u e n t s  o r  th e  a d d i t i o n  o f  a b o u t an  e q u im o la r  am ount o f  
fo rm a ld e h y d e . The r a t e  e x p r e s s io n  i s :
W = A exp  (-3 0 ,2 0 0 /R T )[C H ^ °J^ [0 2 °J  
w here CH^° and  0^^ a re  th e  i n i t i a l  c o n c e n t r a t i o n s .  Above 
430°C th e  r a t e  i s  a c c e l e r a t e d  b y  th e  a d d i t i o n  o f  d i l u e n t s  
and  fo rm a ld eh y d e , and th e  r a t e  i s  h ig h e r  th a n  f o r  th e  e x ­
p r e s s io n  g iv e n  ab o v e . They s u g g e s te d  t h a t  fo rm ald eh y d e  i s  
n o t  th e  r a t e  c o n t r o l l i n g  in te r m e d ia te  a t  low  te m p e r a tu r e s .
D ata  w ere o b ta in e d  on th e  o x id a t io n  o f  m ethane 
i n i t i a t e d  a t  670°C b y  n i t r o g e n  o x id e s  b y  Kom paneets and
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M oshkina (27)= Sem enov 's schem e (50) was u se d  t o  t r e a t  th e  
d a t a .  M ich ae l and  G la ss  (36) u se d  a t i m e - o f - f l i g h t  m ass 
s p e c t r o m e te r  to  i d e n t i f y  io n s  from  th e  h ig h  te m p e ra tu re  
o x id a t io n  o f  m ethane and  a c e ty le n e  in  a  sh o ck  tu b e .  Io n s  
p r e s e n t  in  h ig h  c o n c e n t r a t io n  a r e  H^0+,
and  CH^O+. In  b o th  o x id a t io n s  th e  f i r s t  io n  o b s e rv e d  i s  
CgH^+. A Langm uir p ro b e  was u se d  t o  m easu re  th e  io n  co n ­
c e n t r a t i o n s  and  th e  r a t e  o f  fo rm a tio n  o f  io n s .
R a t io s  o f  m ethane t o  oxygen o f  5 :1  and  1 :1 0  w ere 
u s e d  b y  B lu n d e l l ,  Cook, H o are , and M ilne  (3) t o  i n v e s t i g a t e
th e  th e rm a l o x id a t io n  a t  5 0 0 -7 50°C. They r e p o r te d  th e
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fo l lo w in g  r a t e s  o f  r e a c t i o n  o f  th e  OH and  HOg r a d i c a l s  w i th  
c a rb o n  m onoxide, m ethane and  fo rm ald eh y d e  i n  th e  te m p e ra tu re  
ra n g e  500-525°C .
TABLE 1
THE RELATIVE REACTIVITY OF FREE RADICALS 
WITH SOME COMPOUNDS AT 500-525°C
F ree
R a d ic a l CH4 CO HCHO
OH 2 . 1 1 . 0 ---
4
OH 1 . 0 33
HO2 , --- 1 . 0 340
a t  650 and  750°C th e  r a t i o  o f  th e  r e l a t i v e  r e a c t i v i t y  o f
9
th e  OH r a d i c a l  w ith  CH^ to  th e  r e l a t i v e  r e a c t i v i t y  o f  th e  
r a d i c a l  w ith  CO was > 2 .1 .
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H igh P re s s u r e  
O nly two m a jo r s tu d i e s  o f  th e  b a tc h  o x id a t io n  o f  
m ethane a t  p r e s s u r e s  much g r e a t e r  th a n  a tm o sp h e ric  a re  
p u b l i s h e d .  These a re  th e  work o f  N e w itt and  H a ffn e r  (39) 
and  t h a t  o f  L o t t  (2 9 ) .
The work o f  N e w itt  and  H a ffn e r  was done a t  p r e s s u r e s  
up t o  150 a tm . and  a t  te m p e ra tu re s  o f  335-400°C . The e x p e r i ­
m e n ta l p ro c e d u re  was t o  h e a t  th e  r e a c t o r  w h ile  i t  was u n d e r 
vacuum and th e n  t o  c h a rg e  i t  r a p i d l y  a t  th e  i n i t i a l  te m p e ra ­
t u r e .  R e s u l ts  o f  an  e x p e r im e n t a t  105 atm . and  341°C i n i t i a l  
te m p e ra tu re  a r e  shown i n  F ig u re  4 . The m ethane t o  oxygen 
r a t i o  was 8 :1 .  I n  a d d i t io n  t o  th e  p ro d u c ts  found  a t  a tm os­
p h e r i c  p r e s s u r e ,  a  l a r g e  am ount o f  m e th an o l was made.
A lth o u g h  th e r e  was a  r a p id  in c r e a s e  i n  te m p e ra tu re  
a t  th e  end  o f  th e  r e a c t i o n  p e r io d ,  no accom panying la r g e  
change  i n  p ro d u c t  c o n c e n t r a t io n  was o b se rv e d . A t a tm os­
p h e r ic  p r e s s u r e  th e  r a t i o  t o  fo rm aldehyde  r a t i o  was no more 
th a n  1 . 0 , b u t  th e  r a t i o  u n d e r p r e s s u r e  o f  106 atm . was w e ll  
o v e r  2 0 .0 .  The in d iv id u a l  v a lu e s  o f  c a rb o n  m onoxide and 
c a rb o n  d io x id e  w ere n o t  g iv e n . The r a t i o  o f  c a rb o n  m onoxide 
t o  c a rb o n  d io x id e  in c r e a s e d  w ith  tim e  up t o  12  m in u te s .
When th e  r e a c t i o n  tim e  was c o n tin u e d  t o  1 6 .5  h o u rs ,  th e  
r a t i o  d ro p p ed  from  1 .4 5  a t  12 m in u te s  t o  0 .1 3  a t  th e  en d .
The am ount o f  m e th an o l and fo rm ald eh y d e  a l s o  d ro p p ed  a f t e r  
12 m in u te s . In  e x p e r im e n ts  a t  150 atm . th e  m eth an o l con ­
c e n t r a t i o n  was h ig h e r  on a v e ra g e  th a n  a t  106 atm .
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F ig u re  4 . D isap p e a ran c e  o f  Oxygen and  F o rm atio n  o f  
P ro d u c ts  a t  106 atm . P r e s s u r e  [from  
D. M. N e w itt  and  A. E. H a f fn e r  ( 3 9 ) ] .
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The s tu d y  o f  L o t t  (29) c o n s i s t e d  o f  two p a r t s .  In  th e  
f i r s t  p a r t  m ix tu re s  o f  m ethane and oxygen i n  a r a t i o  o f  1 0 : 1  
w ere r e a c t e d  a t  p r e s s u r e s  o f  up t o  1 , 0 2 0  a tm . i n  a  r e a c t o r  
made o f  19-9DL s t a i n l e s s  a l l o y .  A te m p e ra tu re  ra n g e  o f  289- 
340°C was i n v e s t i g a t e d ,  and  r e s id e n c e  tim e s  ra n g e d  from  0 .2 5 -  
140 m in u te s .  The p ro c e d u re  was t o  h e a t  th e  r e a c t o r  to  th e  
d e s i r e d  te m p e ra tu re  o f  th e  e x p e r im e n t ,  and  th e n  t o  a d m it th e  
c o ld  fe e d  m ix tu re  t o  th e  r e a c t o r  t o  th e  d e s i r e d  i n i t i a l  
p r e s s u r e .  The tim e  t o  th e  o c c u r re n c e  o f  th e  p eak  te m p e ra tu re  
was fo llo w e d , and  th e  r e a c t o r  was d e p r e s s u r e d  a t  t h i s  p o i n t .
The p ro c e d u re  was s i m i l a r  t o  t h a t  u se d  b y  N e w itt  
and  H a f fn e r .  The tim e  t o  maximum te m p e ra tu re  i s  shown i n  
F ig u re  5 , w hich  in c lu d e s  th e  d a ta  o f  N e w itt  and  H a f f n e r .
The d e c re a s e  i n  r e s id e n c e  tim e  a s  p r e s s u r e  i n c r e a s e s  
becom es sm a ll  above 1 0 ,0 0 0  p s i .  As p r e s s u r e  was in c r e a s e d  
from  5 ,4 0 0  t o  1 5 ,0 0 0  p s i . ,  th e  maximum y i e l d  o f  m e th an o l 
b a s e d  on th e  m ethane consum ed in c r e a s e d  from  2 4 .5  t o  2 8 .5  
p e r c e n t .  In  a d d i t i o n  t o  th e  m e th an o l th e  m ain  p ro d u c ts  
w ere c a rb o n  m onoxide, c a rb o n  d io x id e  and  w a te r .  S m all 
q u a n t i t i e s  o f  fo rm a ld eh y d e , fo rm ic  a c id  and  m e th y l fo rm a te  
w ere a l s o  made.
The seco n d  p a r t  o f  th e  s tu d y  b y  L o t t  c o n s i s t e d  o f  
e x p e r im e n ts  c o n d u c te d  up t o  200 ,0 0 0  p s i .  The r e a c t o r  and  
o th e r  h ig h  p r e s s u r e  eq u ip m en t u se d  i s  t h a t  d e s c r ib e d  in  
t h i s  s tu d y .  The i n t e r n a l  h e a t e r  c o n s i s t e d  o f  n ich rom e w ire ,  
th r e a d e d  th ro u g h  p o r c e l a in  b e a d s  and  w rapped  a ro u n d  a  P y rex  
tu b e .  The e x t e r i o r  o f  th e  h e a t e r  was th e n  c o a te d  w ith
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Figure 5. Effect of Temperature on Residence Time [from Lott (29) reproduced by 
permission. ]
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p o r c e la in  cem en t. The p ro c e d u re  f o r  t h i s  eq u ip m en t was 
d i f f e r e n t  th a n  d e s c r ib e d  e a r l i e r  f o r " th e  work c o n d u c te d  
a t  lo w er p r e s s u r e  by  L o t t .  The o i l  b a th  was h e a te d  u n t i l  
th e  r e a c t o r  i n t e r n a l  te m p e ra tu re  was w i th in  40-50°C  o f  th e  
d e s i r e d  e x p e r im e n ta l  te m p e ra tu re .  The fe e d  m ix tu re  was 
a d m itte d  to  th e  co m p re ss io n  c y l in d e r  and  r e a c t o r  and  
co m pressed  v i a  th e  co m p re ss io n  c y l in d e r  t o  th e  d e s i r e d  
p r e s s u r e  above 2 0 ,000  p s i .  A f te r  th e  v a lv e  b e tw een  th e  
c o m p re ss io n  c y l in d e r  and  r e a c t o r  was c lo s e d ,  th e  i n t e r n a l  
h e a t e r  was tu r n e d  on and  th e  c u r r e n t  a d ju s t e d  t o  g iv e  th e  
d e s i r e d  te m p e ra tu re .
A p ro n o u n ced  w a ll  e f f e c t  o c c u r re d  i n  th e  e x p e r im e n ts  
in  th e  new ly i n s t a l l e d  r e a c t o r .  In  some c a s e s  e s s e n t i a l l y  
i s o th e rm a l  r e a c t io n s  c o u ld  be  c o n d u c te d , b u t  runaw ay r e a c t io n s  
o c c u r re d  in  o t h e r s .  The d a ta  show th e  h i g h e s t  y i e l d  o f  
m eth an o l o f  4 0 .5  p e r c e n t  a t  5 0 ,000  p s i .  t o  be  a t  a  r e s id e n c e  
tim e  o f  sev en  m in u te s . The y i e l d  th e n  d ro p p ed  w ith  tim e  to  
a l e v e l  o f  27 p e r c e n t  a f t e r  97 m in u te s .
N e w itt and  Szego r e p o r t  r e s u l t s  o f  m ethane o x id a t io n  
a t  50 p s i .  p r e s s u r e  in  a flo w  sy s tem  (4 0 ) . M ethane, oxygen 
and n i t r o g e n  w ere s to r e d  a t  p r e s s u r e  w e l l  above th e  p la n n e d  
o p e r a t in g  p r e s s u r e ,  and  b le d  th ro u g h  a n e e d le  v a lv e  a t  a 
c o n s ta n t  r a t e  t o  th e  r e a c t o r  d u r in g  an  e x p e r im e n t . R e s u l ts  
o f  a  m ix tu re  o f  90 p e r c e n t  m eth an e, th r e e  p e r c e n t  oxygen 
and  sev en  p e r c e n t  n i t r o g e n  showed a y i e l d  o f  50 p e r c e n t  
m eth an o l b a se d  on m ethane u sag e  a t  430°C and 50 a tm s . ,  
w h ile  a t  400°C th e  y i e l d  was o n ly  12 p e r c e n t .  F o r a m ix tu re
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o f  90 p e r c e n t  m ethane and f iv e  p e r c e n t  e a c h  o f  oxygen and 
n i t r o g e n ,  th e  y i e l d  was 23 p e r c e n t  a t  410°C and  th r e e  p e r ­
c e n t  a t  400°C . The r e s id e n c e  tim e  was 30 sec o n d s  a t  th e  
lo w er te m p e ra tu re  and o n ly  s i x  seco n d s  a t  th e  h ig h e r  
te m p e ra tu re .  The fo rm ald eh y d e  c o n c e n t r a t io n  was f a i r l y  
c o n s ta n t  in  e ac h  c a s e .
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CHAPTER IV
MECHANISMS PROPOSED BY PREVIOUS INVESTIGATORS
D u rin g  th e  n in e te e n  t h i r t i e s  s e v e r a l  c h a in  mech­
an ism s w ere  p ro p o se d  f o r  th e  o x id a t io n  o f  h y d ro c a rb o n s .
Two o f  t h e s e  schem es, b y  Semenov (49) and  N o r r i s h  (42 , 4 4 ) , 
w ere  f o r  m ethane o x id a t io n .  They p ro p o se d  c h a in  r e a c t io n s  
p ro p a g a te d  v i a  c a rb o n  and oxygen d i r a d i c a l s ,  Sem enov 's 
1934 schem e was r a t h e r  s k e tc h y , b u t  h e  c o n s id e re d  th e  c h a in  
r e a c t i o n  t o  b e :
1 . 0 + CH  ^ —> CHg + HgO
(4 -1 )
2. CHg + Og HCHO + 0
F orm aldehyde was th e n  c o n s id e re d  to  r e a c t  w ith  
oxygen fo rm in g  c a rb o n  d io x id e ,  c a rb o n  m onoxide and w a te r .  
C hain  t e r m in a t io n  was b e l i e v e d  t o  b e  c a u se d  by  d e s t r u c t i o n  
o f  th e  oxygen d i r a d i c a l  a t  th e  w a l l ,  fo rm in g  m o le c u la r ^  
o x y g en .
The 1936 schem e p ro p o se d  by  N o r r i s h  and F oord  (42)
was somewhat more s p e c i f i c  a b o u t th e  r o l e  o f  fo rm ald eh y d e ;
1 .  CH^ + O2  — HCHO + H ^ O
HCHO + Og —f  HCOOK + 0
2.  k^
HCOOH + 0  — f HgO + CO
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3o 0 + CH  ^ - t  CHg + HgO
4o CH  ^ + O2 —} HCHO + 0
5 o HCHO o x id a t io n  —  ^ CO + H ,0 k^
^ ( 4 - 2 )
6 . HCHO + 0 - 4  X kg^
7o 5 + CH^ + X —i  CH3 OH + X' k^
80 0 + s u r f a c e  — f  ^ 0 2  kg
w h ere  X i s  an i n t e r m e d ia te  ( u n s p e c i f i e d ) .
The a u th o r s  t h e o r i z e d  t h a t  t h e  f i r s t  oxygen d i r a ­
d i c a l s  a r e  form ed from  t r a c e s  o f  fo rm a ld eh y d e  a t  th e  w a l l .  
As m ethane  and oxygen a r e  consum ed v i a  c h a in  r e a c t i o n s  3 
and  4 , th e  fo rm a ld e h y d e  c o n c e n t r a t io n  s t e a d i l y  i n c r e a s e s .  
M ost o f  th e  c a rb o n  m onoxide and w a te r  was p resum ed  to  b e  
fo rm ed  b y  e q u a t io n  2 . H ow ever, i t  was c o n s id e re d  p o s s ib l e  
t h a t  c a rb o n  m onoxide and  w a te r  c o u ld  b e  form ed v i a  e q u a t io n
5 .  They a l s o  p ro v id e d  a m echanism  f o r  fo rm a tio n  o f  m eth­
a n o l ,  w h ich  was known t o  b e  a p r o d u c t  o f  m ethane o x id a t io n  
a t  h ig h  p r e s s u r e .  C h ain  b r e a k in g  o c c u r s  b y  l o s s  o f  th e  
oxygen d i r a d i c a l  a t  t h e  w a l l .
The d a ta  o b ta in e d  w ere  fo u n d  to  f i t  t h e  fo l lo w in g  
e q u a t io n  f o r  t h e  r a t e  o f  co n su m p tio n  o f  m ethane
d[CH ] k  k ^  [CH [O glPd
 ±_  = - A - a  -------- L .  (4 - 3 )
d t  k ,  k_S6 7
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w here P = t o t a l  r e a c t o r  p r e s s u r e  
d = r e a c t o r  d ia m e te r
S = s t a t e  o f  a c t i v i t y  o f  th e  r e a c t o r  s u r f a c e  
By 1948 N o r r is h  (41) h ad  m o d if ie d  th e  m echanism ;
1 . CH  ^ + O2 - 4  HCHO + HgO
2 . HCHO + Og —> Hg + COg + 0
3 . CH^ + 0 —) CH3 + OH
4 . CH^ + OH - 4  CH3 + HgO
5 . CHg + Dg - 4  HCHO + OH (4 -4 )
6 . HCHO + OH - 4  CO + HgO + H
7 . H + Og + HCHO - 4  CO + HgO + OH
8 .  H + Og + X  - 4  HOg + M
9. OH s u r f a c e  —)■ te r m in a t io n
10 . CH^ + 6* + M - 4  CH^OH + M
N o r r i s h 's  m echanism  o f  1948 h a s  b e e n  q u e s t io n e d  by  
a t  l e a s t  two a u th o r s  (48, 2 8 ) .  B ecau se  o f  th e  r e a c t i o n s  
w hich  r e s u l t  in  a volum e in c r e a s e ,  i t  w ould  n o t  seem to  
a p p ly  a t  h ig h  p r e s s u r e .
Semenov p r e s e n te d  a new m echanism  f o r  th e  o x id a t io n  
o f  m ethane in  1958 (58) . The oxygen and m e th y le n e  d i r a d i c a l s
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w ere  no lo n g e r  in c lu d e d ;  th e  r e a c t i o n  s te p s  in v o lv e  mono­
r a d i c a l s  o n ly :
0 CH4  + Og —) CHg + HOg
1 Œ g  + Og - 4 HCHO + OH
2 OH + CH4 —^ HgO + CHg
2  ' OH + HCHO - f HgO + HCO
3 HCHO + Og - + HCO + HOg
4 HCO + Og —f CO + HOg
5 HOg + CH4 H g 0 2  +  CHg
1
5 HOg + HCHO - 4 HgO g +  HCO
6 OH w a ll —) te r m in a t io n
7 H O g  w a ll —)■ te r m in a t io n
8 H C H O  w a l l - 4 t e r m in a t io n
(4 -5 )
The c o r re s p o n d in g  r a t e  e q u a t io n s  f o r  each  o f  th e  
f r e e  r a d i c a l s  and fo rm ald eh y d e  a re :
d[CH ,]
1 .  —  = w^ + a^ [OH] + a^ [HOg] -  [CH^]
d t
2o = a^ [CH3 ] -  ag [OH] -  ag ' [OH] -  a^ [OH]
3 .  =  k g '  [HCHO] [OH] + a g  [HCHO] +
k g '  [HCHO] [H O g] -  a^  [HCO]
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d[HO„]
4 .   —  = w + a_ [ H C H O ]  +  a [ H C O ]  -
d t  o j  4
a g  [ H O g ]  -  k g '  [ H C H O ]  [ H O g ]
5 . ^r.HCHOl  ^  [CH ,] -  k  ' [HCHO] [OH] -
d t  1 J ^
a g  [ H C H O ]  -  kg'  [ H C H O ]  [ H O g ]  -  
a g  [ H C H O ]  ( 4 - 6 ]
w here
[ ° 2 ] o r  k ^  [CH^]
Semenov made th e  a ssu m p tio n  t h a t  th e  f r e e  r a d i c a l s  
h a v e  a  v e ry  s h o r t  e x i s t e n c e  and  t h a t  fo rm ald eh y d e  h a s  a 
r e l a t i v e l y  lo n g  r e a c t i o n  t im e .  T h e re fo re ,  th e  r a d i c a l  con­
c e n t r a t i o n  i s  c o m p le te ly  d e te rm in e d  b y  th e  a ld e h y d e  co n cen ­
t r a t i o n  (a ssu m p tio n  o f  q u a s i  s te a d y  s t a t e ) . The f i r s t  
d e r i v a t i v e s  o f  th e  f r e e  r a d i c a l s  t h e r e f o r e  becom e z e ro
d[CH_] d[OH] d[HCO] d[HOp]
--------------- =    =    =    =  0  ( 4 - 7 ]
d t  d t  d t  d t
F o r c o n v e n ie n c e  Semenov d id  n o t  in c lu d e  HOg t e r ­
m in a t io n  a t  th e  w a ll  a t  t h i s  t im e . The l i n e a r  p ro d u c ts  
o f  c o n s ta n t s  and com ponents a l s o  becam e e q u a l t o  z e ro ,  o f  
c o u r s e ,  and th e  e q u a t io n s  w ere  s o lv e d  in  te rm s  o f  fo rm a l­
d eh y d e , oxygen and m ethane c o n c e n t r a t io n s  o n ly .
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S u b s t i t u t i o n  i n t o  th e  d i f f e r e n t i a l  e q u a tio n  f o r  fo rm ald eh y d e  
gave
d[HCHO] 2 a ,a
 ^ ^ [HCHO] -  a^ [HCHO] -  ag [HCHO]
d t  I ag
I  I (4-E
2 a ,k c  5 2k ,k  a .  .
— [ H C H O ]   — —  [HCHO]
^5 ^5^6
By assu m in g  t h a t  t h e  c h a in  le n g th  v = 100 and by  
m aking  a ssu m p tio n s  c o n c e rn in g  some r a t e  c o n s ta n t s ,  kj^, 
Semenov e s t im a te d  t h a t  .
[HCHO]^^^ = exp (-10 ,000 /R T ) (4 -9 )
w here  [HCHO]^^^ i s  t h e  p seu d o  e q u i l ib r iu m  c o n c e n t r a t io n  o f  
HCHO.
The e q u a t io n  f o r  th e  c o n v e rs io n  o f  m ethane was n e x t  
c o n s id e r e d :
d[CH^]
a t
=a 2 [OH] + ag [HOg] (4 -10)
d[CH ]
= jk g  [HCHO] + ag
f w + a [HCHO])
n ^ - T —
od t
2ag (HCHO) (4-11)
By m aking t h r e e  s im p l i f y in g  a ssu m p tio n s , and by  
assu m in g  t h a t  m ethane re a c h e s  i t s  maximum r a t e  o f  consump­
t i o n  w h ere  HCHO = [HCHO]^^^ Semenov o b ta in e d  th e  fo l lo w in g  
r e s u l t
d [C H ^ ] 2 k g k g  
d t  ag
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I
i,
[CH [Og] (4 -12)
T h is  e q u a tio n  i s  a lm o s t th e  same as  t h a t  o b ta in e d  
b y  N o r r i s h  and Foord  w hich  was g iv e n  e a r l i e r .  Of c o u rs e ,  
Semenov h ad  n o t  in te n d e d  to  in c lu d e  s u r f a c e ,  d ia m e te r  and 
p r e s s u r e  e f f e c t s .
The te r m in a t io n  o f  HOg r a d i c a l s  was n e x t  c o n s id e re d  
by  Semenov, and h e  found  t h a t  o m iss io n  o f  t h i s  s t e p  d id  
n o t  change  th e  r e s u l t s .  I t  may b e  i n f e r r e d  t h a t  te rm in a ­
t i o n  o f  OH r a d i c a l s  i s  th e  c o n t r o l l i n g  te r m in a t io n  s t e p .
From 1959 to  d a te  a g r e a t  amount o f  r e s e a r c h  h a s  
b e e n  done to  c o n f irm  th e  th e o r y  and m echanism  p ro p o se d  by  
Semenov in  1958.
In  1961 two a r t i c l e s  w ere  p u b l is h e d  by  M ari and co ­
w o rk e rs  in  w hich  th e  r o l e  o f  fo rm ald eh y d e  a s  th e  s o le  a u to -  
a c c e l e r a t i n g  f a c t o r  was q u e s t io n e d  (33 , 3 4 ) . They th e o r iz e d  
t h a t  w a te r  fo rm in g  a t  t h e  w a l l s  o f  th e  r e a c t o r  i n h i b i t e d  
c h a in  t e r m in a t io n .  I t  was s t a t e d  t h a t  th e  m echanism  
ap p e a re d  more com plex th a n  th e o r iz e d  by  Semenov.
The w ork o f  H sien -C heng  and Ruof (20) co n d u c te d  a t  
400-480°C , te n d e d  to  show t h a t  fo rm ald eh y d e  was n o t  th e  
o n ly  in te r m e d ia te  c o n t r o l l i n g  r e a c t io n  r a t e .  T hese  f i n d ­
in g s  w ere s i g n i f i c a n t  b e c a u s e  up to  t h i s  tim e  l i t t l e  work 
h ad  b een  r e p o r te d  on th e rm a l (u n c a ta ly z e d )  o x id a t io n  o f  
m ethane a t  te m p e ra tu re  a s  low  a s  400^C. The Semenov scheme 
h ad  b een  b a s e d  on d a ta  o b ta in e d  m a in ly  in  th e  te m p e ra tu re  
ra n g e  o f  500-700°C .
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In  1955 K om paneets and M oshkina (27) r e p o r te d  on 
r e s u l t s  o f  t h e i r  w ork a t  670°C u s in g  n i t r o g e n  d io x id e  i n i t i ­
a t i o n .  They u sed  Sem enov 's m echanism  t o  c a l c u l a t e  r a t e  con­
s t a n t s .  T h e re  was c o n s id e r a b le  d i f f e r e n c e  in  th e  v a lu e s  
c a l c u l a t e d  and th o s e  o b ta in e d  from  p u b l is h e d  e x p e r im e n ta l  
d a t a .  T h e re fo re  th e y  c la im e d  t h a t  th e  Semenov m echanism  
i s  n o t  a p p l i c a b l e  to  th e  h ig h  te m p e ra tu re  o x id a t io n  o f  
m e th a n e .
I t  i s  w e l l  known t h a t  a c e ty le n e  and e th y le n e  a r e  
o b ta in e d  a s  p ro d u c ts  from  th e  o x id a t io n  o f  m ethane a t  tem ­
p e r a tu r e s  o f  1000°C and h ig h e r .  D w ell t im e s  a r e  v e ry  s h o r t .  
S c h n e id e r  even  r e p o r t s  t h a t  e th a n e ,  a c e ta ld e h y d e  and  e th y ­
le n e  a p p e a r  in  t h e  p ro d u c ts  d u r in g  o x id a t io n  o f  m ethane  in  
q u a r tz  a t  675°C (4 7 ) .
Knox in  r e c e n t  w ork i n v e s t i g a t e d  h y d ro c a rb o n  o x id a ­
t i o n  a t  300-400°C  (2 6 ) .  A lth o u g h  t h i s  w ork i s  n o t  s p e c i f i c  
to  m ethane,, i t  was s t a t e d  t h a t  any h y d ro c a rb o n  o x id a t io n  
m ust p ro v id e  f o r  th e  c o n v e r s io n  o f  HO2 t o  OH. T h is  co n ­
v e r s io n  i s  b e l i e v e d  t o  in v o lv e  t h e  c o o x id a t io n  o f  an o l e f i n ,  
w hich  was s t a t e d  t o  b e  t h e  p r im a ry  p ro d u c t  o f  m o st o x id a ­
t i o n s  .
I t  a p p e a rs  n e c e s s a ry  t o  in c lu d e  c ra c k in g  and r e ­
fo rm in g  r e a c t i o n s  in  th e  m ethane o x id a t io n  m echanism s above 
a c e r t a i n  te m p e r a tu r e .  T h is  te m p e ra tu re  may b e  a s  low  as  
675°C. R ec e n t w ork te n d s  t o  show t h a t  th e  m echanism  o f  
Semenov d o es  n o t  a d e q u a te ly  d e s c r ib e  th e  o x id a t io n  o f  
m ethane a t  any te m p e r a tu r e .  However h i s  ap p ro a ch  t o
36
d e te rm in in g  th e  m echanism  was n o v e l and v a lu a b le  s in c e  i t  
s t im u la te d  a g r e a t  am ount o f  r e s e a rc h »
L ew is and von E lb e  (28) p ro p o se d  th e  fo l lo w in g
m echanism s:
1 . HCHO + Og = f r e e  r a d i c a l s  —4 OH
2 . OH + CH^ —4 HgO + CH3
3. CH3 + Og —4 HCHO + OH
4 » OH + HCHO HgO + HCO
5» HCO + Og —> CO + HOg
6 » HCO + Og +
0 .
M —> HCOO + M
7 .
0 .
HCOO + HCHO 2C0 + HgO + OH
8 »
w a ll  
OH - 4 d e s t r u c t i o n
9 ,
w a l l  
HOg - 4 d e s t r u c t i o n
1 0 » HCHO + -Og
w a l l
—}■ d e s t r u c t i o n  o f  HCHO
(4-13)
The c h em ica l e q u a t io n s  a r e  o f  i n t e r e s t  i n  t h a t  th e  
p e r fo rm y l r a d i c a l  i s  in c lu d e d »  The a u th o r s  s t a t e d  t h a t  a t  
th e  h ig h  te m p e r a tu r e s ,  c a .5 3 o P c , e n c o u n te re d  i n  m ethane 
o x id a t io n  th e  p e r fo rm y l r a d i c a l  r e a c t s  w i th  fo rm a ld e h y d e .
At lo w e r te m p e r a tu r e s ,  c a .  370°C, e n c o u n te re d  in  o x id a t io n  
o f  fo rm a ld eh y d e , how ever, p e r fo rm ic  a c id  i t s e l f  was th e o ­
r i z e d  t o  fo rm . M in k o ff and T ip p e r  (3 8 ) , in  a d i s c u s s io n  
on fo rm ald eh y d e  o x id a t io n ,  n o te d  t h a t  th e rm a l o x id a t io n  
i s  s low  a t  250°C, and t h a t  above t h i s  te m p e ra tu re  p e r o x id ic  
compounds decom pose r a p i d l y  a t  t h e  w a l l s .
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In  th e  Lew is and von E lb e  scheme shown f o r  m ethane 
o x id a t io n ,  no e q u a t io n  was p ro v id e d  f o r  th e  fo rm a tio n  o f  
ca rb o n  d io x id e = They s t a t e d  t h a t  th e  fo rm a tio n  o f  c a rb o n  
d io x id e  may b e  e x p la in e d  by  f u r t h e r  r e a c t i o n  o f  c a rb o n  
m onoxide w ith  OH. E v id en ce  f o r  a  c o n c u r r e n t  r e a c t io n  o f  
ca rb o n  m onoxide and OH h a s  b e en  p ro v id e d  by  V anpee (5 3 ) . 
E q u a tio n  7 o f  S e t  (4 -12) w ould n o t  seem l i k e l y  a t  h ig h  
p r e s s u r e  b e c a u se  o f  th e  tw o fo ld  in c r e a s e  in  vo lum e. Y et 
m ost o f  th e  c a rb o n  m onoxide i s  form ed th ro u g h  t h i s  eq u a­
t i o n .  Work on th e  o x id a t io n  o f  fo rm ald eh y d e  a t  451°C w ith  
a s  an a d d i t i v e  h a s  shown t h a t  o n ly  3-5 p e r c e n t  o f  th e  
c a rb o n  d io x id e  i s  form ed from  ca rb o n  m onoxide (4 5 ) .  T h is  
r e s u l t  i s  in  c o n f l i c t  w ith  th e  f in d in g s  o f  K arm ilova  _et a l . 
(23) f o r  th e  o x id a t io n  o f  m ethane in  w hich  c a rb o n  d io x id e  
was found  to  form  from  carb o n  m onoxide. C e r t a in ly  th e  
so u rc e  o f  c a rb o n  d io x id e  i s  n o t  c l e a r ,  and th e  i n c lu s io n  
o f  a s e p a r a te  r e a c t i o n  f o r  i t s  fo rm a tio n  c a n n o t b e  d i s ­
c o u n te d .
By assum ing  s te a d y  s t a t e  c o n c e n t r a t io n  o f  OH and 
HCHO, th e  fo l lo w in g  e q u a tio n  f o r  m ethane consum ption  was
o b ta in e d  by  Lew is and von E lb e
d[OH^] [CH^] [0 ]  -  k ^  i  -  1
^^50 1 ^40^49 n^2
^51^44
(4-14)
38
T h is  e q u a t io n  i s  com plex, and  i t  i s  d i f f i c u l t  t o  
i s o l a t e  th e  o r d e r s  o f  m ethane and oxygen a s  shown be low  in  
th e  e q u a tio n
,m -,nw (4-15)
M ethane and oxygen c o n c e n t r a t io n s ,  how ever, w i l l  rem ain  a t  
a p p ro x im a te ly  f i r s t  o r d e r .  The e q u a t io n s  o f  N o r r is h  and 
Semenov, d e s c r ib e d  e a r l i e r ,  h av e  oxygen a s  f i r s t  o r d e r  and 
m ethane as  seco n d  o r d e r .  The fo l lo w in g  t a b l e ,  p u b l is h e d  by  
E n ik o lo p y an  ( 9 ) ,  shows th e  w id e  v a r i a t i o n  in  e x p o n en ts  w hich  
h av e  b een  r e p o r te d  by  v a r io u s  a u th o r s  f o r  e q u a tio n  (4 - 1 5 ) .
TABLE 2
VARIATION OF THE ORDER OF REACTION WITH RESPECT 
TO OXYGEN AND METHANE IN THE RATE EQUATION
Tem pera­
t u r e ,
°C
V e sse l
m
O rd er w ith  
R e sp e c t 
t o  M ethane
n
O rd er w ith  
R e sp e c t 
t o  Oxygen
376
416
467
480
500
570
617
650
666
750
P y rex
P yrex
C lean  v e s s e l
Q u a r tz , t r e a t e d  
b y  h e a t in g
Q u a r tz , t r e a t e d  
b y  h e a t in g
2 .3
2 . 0
1 . 6
2 . 0
2 .4
1 .4  
0 . 11?
0 -  0 .7
0 .5
0 .5
1 . 0
1 .0
1 .0 -  1 . 6
2 .4
2 .5
2 .3  -  2 .7
-  0 .1 4  3 .8
— 0 .4  + 0 .4  2 — 2 .4
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The o r d e r  w i th  r e s p e c t  to  m ethane h a s  v a r i e d  from  
-  CL14 t o  2 .4 ,  and th e  o r d e r  f o r  oxygen h a s  v a r i e d  from  0 .5  
t o  3 .8 .  The w id e  ra n g e  o f  v a lu e s  shows t h a t  a s im p le  r e ­
l a t i o n s h i p  c a n n o t p o r t r a y  th e  m echanism  o f  m ethane o x id a ­
t i o n .  The e q u a t io n s  a r e  u s e f u l ,  h o w ev er, i n  t h a t  t r e n d s  
a r e  shown.
S h te rn  p r e s e n t s  a schem e c r e d i t e d  to  E n ik o lo p y an  
w h ich  was s t a t e d  t o  b e  a p p l i c a b le  t o  h y d ro c a rb o n  sy stem s 
in  g e n e r a l  (4 8 ) :
1 . RH + O2 — t R + HO 2
2 . R + O2 —  ^ ROO
3 . ROO + RH - 4  ROOH + R
4 . ROO —4 R'CHO + R"0
5 . R"0 + RH -~ i  R"OH + R
6 . R"0 + R ’CHO - 4  R"OH + R'CO (4 -16 )
7 . R'CO + O2 - 4  R ’O + CO2
80 R ’O + RH —4 R'OH + R
9 . R'O + R'CHO —t R'OH + R ’CO
10 . OH + RH - 4  Hg 0 + R
11 . ROOH —4 RO + OH
1 2 . R'CHO + 02-4R'CO + HO2
. w a l l
1 3 . ROO — \  t e r m in a t io n
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14 o 2 ROO — 'r t e r m in a t io n
„ w a l l
15 o R — ) t e r m in a t io n
The fo rm a tio n  o f  a lc o h o l s  h ig h e r  th a n  m e th an o l and 
a ld e h y d e s  h ig h e r  th a n  fo rm a ld eh y d e  do n o t  a p p ly  t o  m ethane 
o x id a t io n .  Two p o i n t s  a r e  o f  s p e c i a l  i n t e r e s t :  t h e  r e ­
a c t io n  o f  ROO w ith  h y d ro c a rb o n  in  e q u a t io n  3 t o  form  h y d ro ­
p e ro x id e  and e q u a t io n  7 in  w h ich  c a rb o n  d io x id e  i s  fo rm ed . 
In  Sem enov 's  schem e th e  p r o d u c t  o f  t h i s  r e a c t i o n  i s  c a rb o n  
m onox ide . F o r some r e a s o n  E n ik o lo p y an  d id  n o t  g iv e  an 
e q u a t io n  f o r  th e  fo rm a tio n  o f  c a rb o n  m onox ide . One can  
o n ly  add t h a t  th e  m echanism  i s  d e f i c i e n t  w i th o u t  o n e .
In  r e c e n t  w ork L o t t  (29) p ro p o se d  a m echanism  f o r  
m eth an e  o x id a t io n  a t  h ig h  p r e s s u r e :
0. CH^  + O2 —f CH3 + HOg
lo  C H 3  + O g  - 4  C H 3 O O
2 . C H 3 O O  +  C H ^  - 4  C H 3 O O H  +  C H 3
3 . CH3OOH —i  CH3O + OH
4 . CH3O + CH^ - 4  CH3OH + CH3 (4 -17)
5 . CH^OO —^ HCHO + OH
60 OH + CH^ - 4  HgO + CH3
7 . OH + HCHO - 4  HgO + CH3
8 . HCHO + Og - 4  HCO + HO2
9- HCO + O2 - 4  HO2 + CO
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o w a ll
10 . HO —  c h a in  b re a k in g
„ w a l l
1 1 . CHgOO —  c h a in  b re a k in g
The scheme in c lu d e s  two c h a in  r e a c t i o n s .  One form s fo rm a l­
dehyde and w a te r  th ro u g h  e q u a t io n s  1 , 5 , and 6 . The seco n d  
form s m eth an o l th ro u g h  e q u a t io n s  1 , 2, 3, and  4 . No e q u a ­
t i o n  i s  p ro p o se d  f o r  c a rb o n  d io x id e  fo rm a tio n , and  i t  can  
b e  i n f e r r e d  t h a t  i t  comes from  o x id a t io n  o f  th e  m onoxide.
C o m p ara tiv e  r a t e  c o n s ta n t s  f o r  e q u a t io n s  1 , 2, 
and 5 w ere c a l c u l a t e d  by  L o t t .  M ethane and oxygen co n cen ­
t r a t i o n s  u sed  w ere  from  r e s u l t s  o b ta in e d  a t  2 , 0 0 0  p s i .  and
338°C.
w1 = \  [Og] [CH3 ] (4 -18 )
®1 "  ^1 = 6 .0 2  X lo"^ s e c " ^  (4 -19 )
ag = 5 .9  X 10^ sec~ ^ (4 -20)
kg = a_ = 8 .5 6  X 10^ s e c " ^  (4 -21 )
I t  i s  seen  t h a t  a^ i s  s m a l le r  th a n  o r  a ^ , i n ­
d i c a t i n g  t h a t  th e  i s o m e r iz a t io n  o f  th e  CH3OO c a n n o t b e  d i s ­
c o u n ted  in  th e  m echanism . Semenov h ad  assum ed th e  is o m e r i ­
z a t i o n  was n o t  c o n t r o l l i n g .  I t  now seem s a d v is a b le  to  
p i c t u r e  th e  fo rm a tio n  o f  fo rm ald eh y d e  a s  a tw o - s te p  p r o c e s s .  
R e a c tio n  2 com petes w ith  s t e p  5 f o r  CK3OO r a d i c a l s ,  and one 
w ould  e x p e c t  fo rm ald eh y d e  to  b e  a  l e s s  im p o r ta n t  in te r m e d ia te
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a t  h ig h  p r e s s u r e  th a n  a t  low  p re s s u re »  L o t t  th u s  p o s t u l a t e d  
t h a t  t h e  CH^OO r a d i c a l  i s  t h e  p ro b a b le  p r e c u r s o r  t o  m e th a n o l. 
E i th e r  th e  m e th an o l i s  form ed a s  shown in  r e a c t i o n s  2 , 3 
and 4 o f  S e t  (4 - 1 6 ) ,  o r  i t  c o u ld  b e  form ed d i r e c t l y
CH^OO + 2CH^ —^ 2 CH3OH + CHg. (4 -22)
The t h r e e  s t e p  m echanism  was c o n s id e re d  b y  L o t t  (29) t o  b e  
th e  m ore p r o b a b le .
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CHAPTER V 
EXPERIMENTAL EQUIPMENT
The eq u ip m en t u se d  was e s s e n t i a l l y  t h a t  d e s c r ib e d  
in  e a r l i e r  w ork (29) b u t  m o d if ie d  f o r  th e  p r e s e n t  s tu d y .
In  t h i s  eq u ip m en t m ethane and oxygen w ere  co m p ressed  t o  a 
h ig h  p r e s s u r e  and w ere  r e a c t e d  a t  a g iv e n  te m p e ra tu re  and 
f o r  a  g iv e n  p e r io d  o f  t im e .  S am ples o f  t h e  g a se o u s  and 
l i q u i d  p r o d u c ts  w ere  th e n  re c o v e re d  f o r  a n a l y s i s .
Flow  d iag ram s o f  s e c t io n s  o f  t h e  sy s te m  a r e  shown 
in  F ig u r e s  6 , 8 , and 11 . T h ese  f i g u r e s  c o n ta in ,  r e s p e c ­
t i v e l y :  (1) The F eed  P r e p a r a t io n  and S to r a g e  S e c t io n .
(2) The C om pression  S e c t io n .  (3) The R e a c tio n  and 
P ro d u c t  C o l l e c t i o n  S e c t io n s .
F eed  S e c t io n
The f u n c t io n  o f  th e  f e e d  sy s te m  was t o  s t o r e  p u re  
m ethane  and oxygen in  t h e  p ro p e r  p r o p o r t io n s  a t  room tem ­
p e r a t u r e  and  5 ,5 0 0  p s i .  M ethane and  oxygen w ere  s u p p l ie d  
to  t h e  f e e d  sy s tem  d i r e c t l y  from  lA  s i z e  c y l i n d e r s .  I n i t i a l  
p r e s s u r e  in  each  was a p p ro x im a te ly  2 ,0 0 0  p s i .  A s e c t io n  o f  
te m p o ra ry  c o p p e r  tu b in g  was u sed  t o  c o n n e c t t h e  m ethane and 
oxygen c y l in d e r s  t o  t h e  f e e d  i n l e t  p o in t  o f  th e  sy s te m .
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Figure 5. Flow Diagram of Feed Section.
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The m ethane c y l in d e r  was e q u ip p ed  w ith  a g as  r e g u l a t o r  
w hich  d e l iv e r e d  a maximum p r e s s u r e  o f  90 p s i g .  A s p e c i a l  
r e g u l a t o r ,  r e q u i r e d  f o r  u se  w ith  p u re  oxygen , d e l iv e r e d  
th e  gas  a t  a maximum p r e s s u r e  o f  a b o u t 150 p s ig .  The 
h a z a rd s  o f  u s in g  p u re  oxygen a r e  w e l l  known. When con­
n e c t in g  th e  c o p p e r  tu b in g  to  th e  oxygen r e g u l a t o r ,  i t  was 
n e c e s s a ry  t o  i n s p e c t  and c le a n  th e  c o p p e r  tu b in g  t o  make 
s u r e  t h e r e  was no o i l  p r e s e n t  w hich  c o u ld  r e a c t  e x p lo s iv e ly  
w ith  th e  p u re  oxygen .
The m ethane and oxygen flo w ed  from  th e  c y l in d e r  to  
th e  f e e d  m ix in g  t a n k , T l .  The v e s s e l  was c y l i n d r i c a l  in  
sh ap e  w ith  h e m is p h e r ic a l  ends and o f  n o n s h a t t e r a b le  con­
s t r u c t i o n .  C o n n e c tio n s  w ere  lo c a t e d  a t  th e  c e n te r  o f  each  
o f  th e  h e m is p h e r ic a l  e n d s . I t  was 24 i n .  O.D. and h ad  a 
volum e o f  1 8 ,0 0 0  c u . i n .  The v e s s e l  was r a t e d  a t  400 p s ig .  
and was e q u ip p e d  w ith  a r e l i e f  v a lv e  s e t  a t  375 p s i g .  to  
d is c h a r g e  th e  c o n te n ts  o f  T l i n t o  th e  one in c h  d ia m e te r  
v e n t  h e a d e r .
The fe e d  g as  in  T l was com pressed  from  100 p s i g .  
to  300 p s i g .  b y  i n j e c t i n g  w a te r  i n t o  th e  b o tto m  o f  th e  
ta n k .  A S p rag u e  a i r - d r i v e n  pump. Model S -16C -100, was 
u sed  f o r  t h i s  p u rp o s e .  The h ig h  p r e s s u r e  c y l in d e r  was 
made o f  b r a s s  and  th e  p lu n g e r  o f  s t a i n l e s s  s t e e l .  A h a rd  
ru b b e r  0 - r i n g ,  h e ld  b e tw een  T e f lo n  back u p  r in g s ,  was u sed  
a s  p a c k in g . B oth  ch eck  v a lv e s  w ere  o f  s t a i n l e s s  s t e e l .  
Maximum recommended p r e s s u r e  was 8 ,8 0 0  p s i . ,  and o u tp u t  was 
s p e c i f i e d  a s  0 .1 5  gpm a t  5 ,0 0 0  p s i .  A 1 5 - g a l lo n  g l a s s  j a r
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was u sed  as  a r e s e r v o i r  f o r  w a te r .  A f i l t e r  was i n s t a l l e d  
b e tw een  th e  r e s e r v o i r  and th e  pump.
From T l th e  f e e d  g as  was t r a n s f e r r e d  b a tc h w is e  t o  
th e  fe e d  s to r a g e  ta n k  u s in g  th e  v o lu m e tr ic  d is p la c e m e n t 
pum ping sy s te m , P 2 . T h is  u n i t  was d e s ig n e d  and  b u i l t  a t  
th e  U n iv e r s i ty  o f  Oklahom a. I t  c o n s i s t e d  o f  two i d e n t i c a l  
pum ping u n i t s .  W hile  one  c y l in d e r  was b e in g  u sed  t o  com­
p r e s s  th e  f e e d  g a s ,  o i l  was d ra in e d  from  th e  o th e r  and r e ­
tu r n e d  to  i t s  r e s e r v o i r .  Each pum ping u n i t ,  th e n ,  c o n s i s t e d  
o f  a gas c o m p re ss io n  c y l in d e r ,  an o i l  r e s e r v o i r  and a  0 -
1 0 .000  p s i .  p r e s s u r e  g au g e . E ig h t  v a lv e s  w ere  r e q u i r e d  to  
d i r e c t  th e  g a s  and  o i l  t o  t h e  p r o p e r  p o in t s  o f  t h e  u n i t .
One o i l  pump, a S eco , r a d i a l  pump. Model 20LA-H, r a t e d  a t
1 0 . 0 0 0  p s i . ,  was u se d  t o  pump th e  o i l  a l t e r n a t e l y  to  th e  
b o tto m  o f  th e  g a s  co m p ress io n  c y l i n d e r s .  The pump, w hich  
was d r iv e n  b y  a 3 hp  e l e c t r i c  m o to r was o f  th e  p o s i t i v e  
d is p la c e m e n t ty p e  and was e q u ip p ed  w i th  a  r e l i e f  v a lv e  s e t  
a t  10 ,000  p s i .  R a ted  o u tp u t  o f  t h e  o i l  pump was 0 .5  gpm.
Feed g a s  f o r  s e v e r a l  ru n s  was c h a rg e d  t o  th e  fe e d  
s to r a g e  t a n k . T 2. The v e s s e l  was 8 i n .  I .D . and  52 i n ,  in  
i n t e r n a l  l e n g th  and was c o n s t r u c te d  by  A u to c lav e  E n g in e e rs ,  
I n c .  I t  was c y l i n d r i c a l  in  sh ap e  w ith  th e  O.D. b e in g  12 
i n .  An end c lo s u r e  was lo c a t e d  a t  o n ly  one end , and th e  
s e a l  was made u s in g  a  h a rd  ru b b e r  0 - r i n g .  The m a te r i a l  o f  
c o n s t r u c t i o n  was 4340 s t e e l .  Two o p e n in g s  f o r  3 /8  i n .  
A u to c lav e  E n g in e e rs  (AE) cone f i t t i n g s  w ere  l o c a t e d  a t  th e  
b o tto m  o f  th e  ta n k  and  t h r e e  w ere  l o c a t e d  in  t h e  to p  c o v e r
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( c l o s u r e ) „ The v e s s e l  was t e s t e d  h y d ro s  t a t  i  c a l l y  t o  2 2 ,5 0 0  
p s i .  The maximum w o rk in g  p r e s s u r e  was recommended a s  1 5 ,0 0 0  
p s i , ,  A r u p tu r e  d i s c  was i n s t a l l e d  i n  t h e  to p  c o v e r ,  d e s ig n e d  
t o  r e l i e v e  when p r e s s u r e  i n  th e  v e s s e l  re a c h e d  2 0 , 0 0 0  p s i .
A check  v a lv e  was i n s t a l l e d  in  th e  l i n e  b e tw een  P2 
and T2 to  p r e v e n t  th e  l a r g e  volum e o f  g a s  s to r e d  in  T2 b e in g  
i n a d v e r t e n t l y  m is d i r e c te d  b a c k  to  T l .  A ll c o n n e c t io n s  b e ­
tw een  T l ,  P2 and T2 w ere  o f  1 /8  i n .  x 1 /4  i n .  s t a i n l e s s  
s t e e l  tu b in g  and c o n n e c tio n s  w ere  made t o  v a lv e s ,  e t c . ,  
u s in g  A u to c la v e  E n g in e e rs  "Erm eto" f i t t i n g s .  The p r e s s u r e  
r a t i n g  o f  th e  f i t t i n g s  was 1 0 ,000  p s i .  Maximum w o rk in g  
p r e s s u r e  o f  t h i s  p a r t  o f  th e  sy s te m  was l i m i t e d  t o  6 ,5 0 0  p s i .  
F ig u r e  7 shows T2 a t  th e  l e f t  and  T l a t  th e  r i g h t .
One o f  th e  b o tto m  o p e n in g s  o f  T2 was p ip e d  to  th e  
d is c h a r g e  s id e  o f  P i i n  o r d e r  t h a t  w a te r  c o u ld  b e  pumped 
i n t o  t h e  b o tto m  o f  T 2 . Gas in  T2 was n o rm a lly  s to r e d  o v e r  
w a te r  and  h ad  to  b e  d r i e d  b e f o r e  b e in g  co m p ressed  f u r t h e r ,
A K u e n tz e l bomb, l o c a t e d  dow nstream  from  T2, was u sed  as  
a d r y e r .  The bomb was made o f  s t a i n l e s s  s t e e l  and manu­
f a c tu r e d  by  A u to c lav e  E n g in e e r s .  I n t e r n a l  d im e n s io n s  w ere  
1 i n .  X 8 i n .  P r e s s u r e  r a t i n g  o f  th e  v e s s e l  was 1 0 ,0 0 0  p s i .  
D r i e r i t e  was u se d  as  d r y in g  a g e n t  and c h e e s e c lo th  was a l s o  
u se d  a s  a p a r t i a l  f i l t e r i n g  medium a t  t h e  d is c h a r g e  s i d e .
In  a d d i t i o n ,  a  f i l t e r  c o n ta in in g  p o ro u s  m e ta l  d i s c s  was 
i n s t a l l e d  dow nstream  o f  th e  d r y e r .  The f i l t e r  was manu­
f a c tu r e d  b y  A u to c lav e  E n g in e e rs  and was d e s ig n e d  f o r  1 0 ,0 0 0
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F ig u re  7. Feed S to ra g e  V e s s e ls .
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p s i .  maximum p r e s s u r e .  A c o n n e c tio n  was p ro v id e d  down­
s tre a m  o f  th e  f i l t e r  as  a sam p lin g  p o in t  f o r  th e  f e e d .
C om pression  S e c t io n
The co m p ress io n  s e c t io n  r e c e iv e d  fe e d  g a s  a t  room 
te m p e ra tu re  and 5 ,5 0 0  p s i .  and d e l iv e r e d  i t  t o  th e  r e a c t o r  
a f t e r  co m p ress io n  a t  room te m p e ra tu re  and p r e s s u r e  up to
150 ,000  p s i .  The c o m p ress io n  s e c t io n  i s  shown in  F ig u r e  8 .
F eed  gas  s to r e d  in  T2 was d r i e d  and f i l t e r e d  and 
fe d  b a tc h w is e  t o  th e  in te r m e d ia te  p r e s s u r e  co m p re ss io n  
c y l i n d e r , CCI. T h is  co m p re ss io n  u n i t  was c o n s t r u c te d  a t  
th e  U n iv e r s i ty  o f  Oklahoma u s in g  a h ig h  p r e s s u r e  c y l in d e r  
p ro c u re d  from  th e  U n iv e r s i ty  o f  M ich ig an . The d im e n s io n s  
o f  t h e  c y l in d e r  w ere  1 5 /1 6  i n .  I .D . and 16 i n .  i n t e r n a l  
l e n g t h .  The o u t s id e  d ia m e te r  was 3 i n .  and m a te r i a l  o f  
c o n s t r u c t i o n  was 400 s e r i e s  s t e e l .  An end c lo s u r e ,  s e a le d  
by  an 0 - r i n g ,  was l o c a t e d  a t  one end . The end c lo s u r e  had  
two AE cone c o n n e c tio n s  f o r  9 /16  i n ,  d ia m e te r  h ig h  p r e s s u r e  
tu b in g .  The o th e r  end h ad  one o p en in g  f o r  t h e  same s i z e  
tu b in g .  An alum inum  p i s t o n ,  1 5 /1 6  i n .  d ia m e te r  x 1 5 /1 6  
i n .  lo n g  was u sed  a s  a f r e e  p i s to n  b e tw een  th e  fe e d  g as  
and h y d r a u l i c  f l u i d .  A h a rd ,  o i l - r e s i s t a n t  0 - r i n g  was u sed  
on th e  p i s t o n  as  t h e  s e a l i n g  medium. The c y l in d e r  was i n ­
s t a l l e d  v e r t i c a l l y  w i th  th e  end c lo s u r e  b e in g  a t  th e  b o tto m . 
One o f  th e  b o tto m  o p e n in g s  was c o n n e c te d  to  th e  d is c h a rg e  
s id e  o f  th e  o i l  pump, P3 . The o th e r  o p e n in g  was c o n n e c te d  
to  t h e  l i n e  le a d in g  to  th e  o i l  r e s e r v o i r .  Maximum w o rk in g  
p r e s s u r e  o f  CCl was 2 5 ,0 0 0  p s i .
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Figure 8. Flow Diagram of Compression Section,
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The o i l  PUIF.P, P3, was u se d  t o  pump h y d r a u l i c  o i l  
t o  th e  b o tto m  o f  CCl. The pump was m a n u fa c tu re d  b y  S-C 
C o rp o ra t io n  as  Model 1 0 -6 0 0 . The h ig h  p r e s s u r e  c y l in d e r  
was made o f  b r a s s  and th e  p lu n g e r  o f  s t a i n l e s s  s t e e l .  A 
Buna N 0 - r i n g  w i th  T e f lo n  b ack u p  r in g s  on e i t h e r  s id e  was 
u se d  a s  p a c k in g . B o th  s u c t io n  and  d is c h a r g e  ch eck  v a lv e s  
w ere  o f  s t a i n l e s s  s t e e l .  The pump was a i r  o p e r a te d  and 
h ad  a maximum w o rk in g  p r e s s u r e  on th e  h y d r a u l i c  s id e  o f
30 ,000  p s i .  P le x o l  201 o b ta in e d  from  Rohm and H aas Company 
was u se d  a s  h y d r a u l ic  f l u i d .  S in c e  t h e  o i l  was r e c y c le d ,  
i t  was f i l t e r e d  b e f o r e  b e in g  in t r o d u c e d  to  th e  s u c t io n  ch eck  
v a lv e .
From CCl th e  fe e d  g a s  was p r e s s u r e d  b a tc h w is e  i n t o  
th e  h ig h  p r e s s u r e  c o m p re ss io n  c y l i n d e r , CC2. T h is  v e s s e l ,  
a lo n g  w i th  th e  r e a c t o r ,  was d e s ig n e d  b y  p e r s o n n e l  o f  th e  
U n iv e r s i ty  o f  Oklahoma i n  c o l l a b o r a t i o n  w i th  A u to c lav e  
E n g in e e r s ,  I n c .  CC2 was a h e a v y -w a lle d  v e s s e l  o f  m o d if ie d  
4340 s t e e l  and t r i p l e x ,  s h r u n k - f i t  c o n s t r u c t i o n .  D e t a i l s  
o f  t h e  d e s ig n  a r e  g iv e n  in  r e f e r e n c e  29 . A p h o to  o f  th e  
v e s s e l  i s  shown in  F ig u r e  9 .
The i n s id e  d ia m e te r  o f  CC2 was two in c h e s  and  o v e r ­
a l l  l e n g th  o f  th e  b i l l e t  was 40 i n .  The o u t s id e  d ia m e te r  
was 18 i n . ,  g iv in g  th e  h i g h e s t  w a l l  r a t i o  e c o n o m ic a lly  
f e a s i b l e — 9 :1 . M o d ifie d  B ridgm an c lo s u r e s  w ere  p ro v id e d  
a t  b o th  e n d s . CC2 was i n s t a l l e d  i n  a v e r t i c a l  p o s i t i o n  
a s  shown in  F ig u re  9 . A f r e e  p i s t o n  made o f  b r a s s  was 
u se d  in  t h i s  c y l in d e r  t o  s e p a r a t e  t h e  h y d r a u l i c  o i l  from
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rigure 9. 200,000 psi. Compression Cylinder [from Lott (29)
reproduced by permission].
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th e  gas phaseo  The p i s t o n  was f i t t e d  w ith  o i l - r e s i s t a n t ,  
0 - r i n g  s e a l s  a t  th e  to p  and b o tto m  o f  th e  p i s t o n „ D ouble 
T e f lo n  r in g s  w ere  u sed  on e i t h e r  s id e  o f  th e  0 - r i n g s .  
Maximum d e s ig n  p r e s s u r e  o f  CC2 was 200 ,000  p s i . ,  a t  w h ich  
p r e s s u r e  i t  was t e s t e d  h y d r o s t a t i c a l l y . Due to  th e  h eav y  
w e ig h t o f  t h i s  u n i t ,  2400 l b . ,  i t  was s u p p o r te d  on a  m e ta l 
s ta n d  w ith  th e  w e ig h t  d i s t r i b u t e d  on a b o tto m  p l a t e  20  i n .  
in  d ia m e te r .
Gas f lo w in g  from  CCl to  CC2 p a s s e d  th ro u g h  a ch eck  
v a lv e  and m a n u a l ly -o p e ra te d  v a lv e  r a t e d  a t  30 ,000  p s i .  
b e f o r e  th e  g as  e n te r e d  th e  f i r s t  2 0 0 , 0 0 0  p s i . - r a t e d  com­
p o n e n t, a b lo c k  v a lv e  shown a s  V l in  F ig u re  8 . Betw een 
th e  30 ,000  p s i .  v a lv e  and th e  b lo c k  v a lv e  a  l i n e  was i n ­
s t a l l e d  t o  th e  fe e d  g a s  r e c o v e ry  ta n k , T3. T h is  ta n k  was 
n o t  in  th e  l i n e  o f  flo w ; i t  was i s o l a t e d  from  th e  sy s te m  
when fe e d  g as  was c o m p ressed . I t  s e rv e d  two f u n c t io n s .  
When a le a k  d e v e lo p e d  in  th e  200 ,0 0 0  p s i .  p a r t  o f  th e  
sy stem , th e  g as  was re c o v e re d  b y  b le e d in g  i t  s lo w ly  b a c k ­
w ards t o  T 3. I f  n o t  c o n ta m in a te d  w ith  p ro d u c t ,  th e  g as  
was r e c y c le d  t o  T l .  The seco n d  f u n c t io n  o f  T3 was to  
s e r v e  a s  a su rg e  volum e f o r  t h e  2 0 0 , 0 0 0  p s i .  p a r t  o f  th e  
sy s tem  in  c a s e  th e  b lo c k  v a lv e ,  V I, le a k e d . T h is  p r o v i ­
s io n  a v o id ed  th e  h a z a rd  o f  o v e r p r e s s u r in g  th e  p a r t  o f  
th e  sy stem  ah ead  o f  VI w hich  was r a t e d  a t  o n ly  3 0 ,000  p s i .
T2 was o b ta in e d  from  th e  U n iv e r s i ty  o f  M ich ig an .
I t  was a 75 mm. cannon b a r r e l  c o n v e r te d  t o  a h ig h  p r e s s u r e  
v e s s e l .  P lu g s  w ere  w e ld ed  i n t o  b o th  ends o f  th e  b o r e .
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Two c o n n e c tio n s  f o r  1 /4  in ., coned tu b in g  w ere  p ro v id e d  in  
one en d . The v e s s e l  was t e s t e d  and r a t e d  a t  2 5 ,000  p s i .
As n o te d  in  t h i s  w ork i t  was u sed  a s  an a u x i l i a r y  v e s s e l .
The tu b in g  u sed  f o r  c o n n e c tio n s  a ro u n d  CCl, P3 and 
T3 was 0 .0 8 3  i n .  I .D .  x 1 /4  i n .  O.D. and no s e c t io n  h ad  a 
p r e s s u r e  r a t i n g  o f  l e s s  th a n  30 ,000  p s i .  The v a lv e s ,  t e e s ,  
e l l s ,  e t c . ,  a l s o  w ere  r a t e d  a t  30 ,000  p s i .  minimum. How­
e v e r ,  CCl was o n ly  r a t e d  a t  2 5 ,000  p s i .  and a p r e s s u r e  
gauge i n s t a l l e d  b e tw een  CCl and CC2 h a d  a ra n g e  o f  o n ly
2 5 ,0 0 0  p s i .  In  p r a c t i c e ,  p r e s s u r e  in  t h i s  p a r t  o f  th e  
sy s te m  was l i m i t e d  t o  2 2 , 0 0 0  p s i .
H y d ra u lic  o i l  was pumped i n t o  th e  b o tto m  o f  CC2 
u s in g  th e  i n t e n s i f i e r . I I ,  a s i n g l e  a c t i n g  co m p re ss io n  
d e v ic e .  The low  p r e s s u r e  d r iv e  c y l in d e r  was pow ered  by  
h y d r a u l i c  o i l  pumped from  P3. The c r o s s - s e c t i o n  o f  th e  
h ig h  p r e s s u r e  c y l in d e r  was o n e - te n th  t h a t  o f  th e  low  p r e s ­
s u r e  c y l i n d e r ,  g iv in g  an i n t e n s i f i c a t i o n  r a t i o  o f  1 0 s1 . 
F ig u r e  10 shows th e  i n t e n s i f i e r  a t  t h e  b o tto m  w ith  P3 a t  
th e  r i g h t  and  CC2 in  th e  b a c k g ro u n d .
The i n t e n s i f i e r  was d e s ig n e d  and m a n u fa c tu re d  by  
A u to c la v e  E n g in e e r s ,  I n c .  The low  p r e s s u r e  c y l in d e r  was 
o f  4340 s t e e l ,  and th e  h ig h  p r e s s u r e  c y l in d e r  o f  Vascomax 
250 CVM, an 18 p e r c e n t  n ic k e l  M anaging s t e e l  m a n u fa c tu re d  
by  V an ad ium -A lloys S t e e l  Company. H ard ru b b e r  0 - r in g s  
w ere  u se d  t o  s e a l  th e  c lo s u r e s  on b o th  ends and to  s e a l  
th e  h ig h  p r e s s u r e  and low p r e s s u r e  c y l in d e r s  t o g e th e r .
Low p r e s s u r e  p a c k in g  was o f  ch ev ro n  d e s ig n  made o f  T e f lo n ,
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Figure 10. 200,000 psi. Equipment Inside the High Pressure
Cell [from Lott (29), reproduced by permission].
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P ack in g  f o r  th e  h ig h  p r e s s u r e  p i s to n  was made o f  a s p e c i a l ,  
d e n s e -g ra in  co w h id e . The i n t e r n a l  d ia m e te r  o f  th e  h ig h  
p r e s s u r e  c y l in d e r  was one in c h  w i th  o u ts id e  d ia m e te r s  o f  
th e  h ig h  and low  p r e s s u r e  c y l in d e r s  b e in g  f i v e  in c h e s .  The 
low  p r e s s u r e  c y l in d e r  was f i t t e d  w i th  a 3 /8  i n .  cone con­
n e c t io n ,  and th e  h ig h  p r e s s u r e  end c lo s u r e  h ad  a s e a t  f o r  
a  200 ,000  p s i .  d o u b le -e n d e d  cone c o n n e c t io n .  The m id d le  
c a v i t y  o f  th e  low  p r e s s u r e  c y l in d e r  was f i l l e d  w ith  h y ­
d r a u l i c  o i l  and c o n n e c te d  t o  a lo n g , t h i n  1 0 0 0  m l, c y l in d e r  
w hich  in  t u r n  was v e n te d  t o  th e  a tm o sp h e re . The c y l in d e r  
was u sed  t o  i n d i c a t e  th e  p o s i t i o n  o f  th e  p i s t o n s .  When 
em pty o f  o i l  t h e  p i s t o n s  w ere  b o tto m e d  a t  th e  low  p r e s s u r e  
en d . P le x o l  201, u sed  in  P3, was a l s o  u sed  in  I I  and CC2. 
I I  was t e s t e d  and r a t e d  a t  200 ,000  p s i .
The tu b in g  u sed  in  th e  200 ,000  p s i .  p a r t  o f  th e  
sy stem  was o f  d u p le x  c o n s t r u c t i o n  and  was o b ta in e d  from  
Harwood E n g in e e r in g  Company. I t  was 1 /1 6  i n .  I .D .  and 3 /4  
i n .  O.D. F o u r m an u a lly  o p e r a te d  v a lv e s  and fo u r  check  
v a lv e s  w ere  u sed  i n  th e  200 ,000  p s i .  s e c t i o n .  T hese  v a lv e s  
w ere  d e s ig n e d  and  b u i l t  by  A u to c lav e  E n g in e e rs  a s  w ere  m ost 
o f  th e  e l l s ,  t e e s ,  c o n e s , and o th e r  2 0 0 , 0 0 0  p s i .  r a t e d  
f i t t i n g s .  However, some o f  th e  f i t t i n g s  u se d  w ere  o b ta in e d  
from  Harwood E n g in e e r in g .
R e a c tio n  S e c t io n
From CC2 th e  fe e d  g as  flo w ed  to  th e  r e a c t o r , R l, 
shown in  F ig u re  11 . Rl was o f  d u p le x  c o n s t r u c t io n  and was
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Figure 11. Flow Diagram of the Reaction and Product Collection Sections,
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made o f  18 p e r c e n t  n i c k e l  M anaging s t e e lo  I t  was two 
in c h e s  I .D . ,  12 i n .  O.D. and th e  o u t s id e  b i l l e t  was 26 5 /8  
i n .  lo n g . The i n t e r f e r e n c e  r e q u i r e d  f o r  th e  s h r i n k - f i t  
o f  th e  two c y l in d e r s  was 0 .0 3 7 6  i n . ,  w h ich  w ould  n e c e s ­
s i t a t e  a te m p e ra tu re  d i f f e r e n c e  o f  a b o u t 1700°F b e tw een  th e  
c y l in d e r s  f o r  a sse m b ly . T h is  i n t e r f e r e n c e  c o u ld  n o t  b e  
o b ta in e d  b e c a u s e  t h e  M anaging s t e e l  c a n n o t b e  h e a te d  above 
900°F w i th o u t  c h an g in g  i t s  c r y s t a l  fo rm . T h e r e f o r e ,  th e  
s t r e n g t h  c h a r a c t e r i s t i c s  n eed ed  w ere  o b ta in e d  by  a com­
b i n a t i o n  o f  s h r i n k - f i t  and a u t o f r e t t a g i n g .  The r e a c t o r  
was d e s ig n e d  b y  L o t t  a t  th e  U n iv e r s i ty  o f  Oklahoma and 
A u to c la v e  E n g in e e rs ,  I n c .  I t  was m a n u fa c tu re d  b y  A u to c la v e  
E n g in e e r s .  The r e a c t o r  was i n s t a l l e d  v e r t i c a l l y  and i s  
shown in  F ig u r e  12 .
Bridgm an s e a l s  w ere  u se d  i n  b o th  ends o f  R l.  I t  
was n e c e s s a ry  t o  p ro v id e  e n t r y  p o in t s  f o r  a th e rm o c o u p le  
and  i n s u l a t e d  e l e c t r i c  w ire  a s  w e l l  as f o r  th e  r e a c t a n t  
g a s e s .  The th e rm o c o u p le  was i n s t a l l e d  i n  th e  b o tto m  
p a c k in g  c o v e r ,  i t  c o n s i s t e d  o f  a s e c t io n  o f  1 /1 6  i n .  x 
5 /1 6  i n .  O.D. tu b in g  w e ld ed  t o g e th e r  a t  one end and f i t t e d  
w i th  a s ta n d a r d  cone c o n n e c t io n  a t  th e  o t h e r .  The cone 
was f i t t e d  t o  a s e a t  in  t h e  p a c k in g  c o v e r .  In  o r d e r  to  
in t r o d u c e  e l e c t r i c  pow er, an e l e c t r o d e  was i n s t a l l e d  in  
th e  to p  p a c k in g  c o v e r .  The e l e c t r o d e  c o n s i s t e d  o f  a 1 /4  
i n .  d ia m e te r  s t e e l  s h a f t  w hich  h ad  i t s  ovm Bridgm an ty p e  
p a c k in g  and was i n s u l a t e d  from  th e  p a c k in g  h o ld e r  b y  
a lu m in a  back u p  r i n g s .  The o th e r  e l e c t r i c a l  le a d  was
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Figure 12. 200,000 psi. Reactor [from Lott (29),
reproduced by permission].
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c o n n e c te d  to  th e  p a c k in g  h o ld e r  w hich  was g ro unded  a lo n g  
w ith  th e  r e a c t o r .  The fe e d  g a se s  w ere in t r o d u c e d  (and 
removed) th ro u g h  a 1 /1 6  i n .  o p en in g  in  th e  s id e  o f  th e  
r e a c t o r .  The c o n n e c tio n  was made to  th e  r e a c t o r ,  a s  w ere 
a l l  th e  2 0 0 , 0 0 0  p s i .  c o n n e c tio n s^  by  u s in g  a d o u b le  ended 
co n e .
When th e  to p  and b o tto m  p a c k in g  c o v e rs  w ere  in  
p la c e ,  th e  a c tu a l  r e a c t o r  l e n g th  was 10 in c h e s .  P a r t  o f  
t h i s  volum e was ta k e n  up w i th  an i n t e r n a l  h e a t e r  u se d  to  
m a in ta in  a  g iv e n  te m p e ra tu re  f o r  th e  o x id a t io n  r e a c t i o n .
The h e a t e r  was made from  N ichrom e w ire  wound on a c o re ,  
and  th e  c o re  was th e n  c o a te d  w ith  a n o n c o n d u c tin g  cem en t. 
Two ty p e s  o f  m a te r i a l  w ere  u sed  f o r  th e  h e a t e r  c o re s  and 
c o a t in g .  One was made o f  h ig h  p u r i t y  a lu m in a  u se d  in  b o th  
c o re  and c o a t in g .  The h e a t i n g  e lem en t c o n s i s t e d  o f  2 5 .5  f t .  
o f  No. 19 N ichrom e w i r e .  In  t h i s  c a s e  t h e r e  was no s i l i c o n -  
c o n ta in in g  m a te r i a l  in  th e  r e a c t o r .  The seco n d  c o re  was 
made o f  P y rex , th e  30 f t .  o f  No. 18 N ichrom e w ire  b e in g  
i n s e r t e d  i n  p o r c e l a in  i n s u l a t o r s  and th e n  c o a te d  w ith  
S a u e re is e n  No. 1 p o r c e la in  cem en t. The a lu m in a  h e a t e r  i s  
shown in  F ig u re  13 a t ta c h e d  t o  th e  to p  p a c k in g  c o v e r .  The 
h e a t e r s  w ere  r a t e d  a t  800 w a t t s  a t  115 v o l t s .  V o lta g e  to  
th e  h e a t e r  was c o n t r o l l e d  by  a P o w e rs ta t  t r a n s f o r m e r .
P r e s s u r e  was m easu red  by  a M anganin c e l l  and r e ­
c o rd e d  on a Foxboro D ynalog r e c o r d e r ,  model 9420P. The 
c h a r t  p a p e r  was c i r c u l a r  and co m p le ted  one r e v o lu t io n  in  
one h o u r .  The r e c o r d in g  was c o n tin u o u s . The M anganin
m m
' - ' - I # (y>
Figure 13. Internai Heater (Alumina) Attached to Top Cover.
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c e l l  was o b ta in e d  from  Harwood E n g in e e r in g  and was Model 
E - I 6O80 R e s is ta n c e  o f  th e  i n t e r n a l  and e x t e r n a l  c o i l s  was 
1 2 0 oO ohms. The c e l l  was r a t e d  f o r  o p e r a t io n  t o  a t  l e a s t
200 ,0 0 0  p s io  The c a l i b r a t i o n  u se d  was t h a t  r e p o r te d  by- 
L o t t  (29) ,
An i r o n - c o n s ta n ta n  th e rm o c o u p le  was i n s t a l l e d  i n  
th e  th e rm o w e ll in  th e  b o tto m  o f  R l, The o u tp u t  was r e ­
c o rd e d  on a B r i s t o l  D ynam aste r h ig h  sp ee d  r e c o r d e r ,  Model 
560, and  was m easu red  on a  R ubicon  I n s t r u m e n ts  p o t e n t i ­
o m e te r , Model 2745.
The r e a c t o r  was im m ersed in  an o i l  b a th  w h ich  con­
t a in e d  M o b ilth e rm  600 h e a t  t r a n s f e r  o i l  s u p p l ie d  b y  M obil 
O il  Co. The o i l  b a th  m easu red  24 i n .  in  d ia m e te r  and  was 
36 i n .  lo n g . A p h o to g ra p h  o f  th e  o i l  b a th  i s  shown in  
F ig u r e  14 . The r e a c t o r  was s u p p o r te d  v e r t i c a l l y  on a sm a ll 
s ta n d  i n  th e  m id d le  o f  th e  b a t h ,  A s t u f f i n g  box was p r o ­
v id e d  in  th e  s id e  o f  th e  b a th  f o r  t h e  r e a c t o r  i n l e t  p ip e .
I t  was e q u ip p ed  w i th  a d r a in  l i n e  and v a lv e  i n  th e  b o tto m . 
The o i l  b a th  was made o f  s h e e t  s t e e l  and  h e a te d  b y  s i x  1000 
w a t t  h e a t e r s  e q u a l ly  sp a c e d  a ro u n d  t h e  o u t s id e  o f  t h e  ta n k  
and im bedded i n  Thermon T 3 . The h e a t e r s  w e re  c o v e re d  w i th  
a s b e s to s  mud, and th e n  two in c h  t h i c k  K aylo  p ip e  i n s u l a t i o n  
was i n s t a l l e d .  The h e a t e r s  w ere  c o n n e c te d  i n  p a r a l l e l ;  
pow er from  a 220 v o l t  s o u rc e  was r e g u la t e d  b y  a P o w e rs ta t .  
An am m eter w i th  a ra n g e  o f  30 am ps, was i n s t a l l e d  i n  th e  
c i r c u i t .  The o i l  b a th  was d e s ig n e d  f o r  o p e r a t io n  a t  a 
maximum o i l  te m p e ra tu re  o f  270°C .
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F ig u re  14. O il B ath  and  A c c e s s o r ie s ,
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The top cover of the oil bath was made of 1 /4  in. 
steel plate, 24 in. in diameter. A gasket of 1 /1 6  in. 
thick asbestos was glued to the bottom of the lid using 
Epoxy resin. The lid rested on the rim of the bath and 
was not bolted down. The top cover contained a 1 in. vent 
pipe, a combined seal and bearing for a Lightening air- 
operated mixer shaft, an opening for the reactor thermo­
couple, insulated electrical connections for the reactor 
internal heater, two thermowells and a 750 watt bayonet 
heater. The two thermowells contained iron-constantan 
couples used to measure the oil temperature. The stirrer 
assured that the oil was maintained at isothermal condi­
tions. The Chromaiox bayonet heater was connected to a 
Fenwall thermoswitch located in the wall of the oil bath. 
This heater was set to cut out at 215°C .
Product Collection Section
From R1 th e  p a r t i a l l y  r e a c te d  fe e d  g a s e s  and p ro ­
d u c ts  w ere  p a s s e d  th ro u g h  a w a te r- im m e rse d  c o o l in g  c o i l  
t o  th e  p ro d u c t  r e c e i v e r s . One r e c e i v e r  was c o n s t r u c te d  o f  
f o u r  in c h  s c h e d u le  40 p ip e ,  24 in c h e s  lo n g . P ip e  c ap s  w ere  
w elded  on th e  e n d s , w ith  t h r e e  o p e n in g s  p ro v id e d  i n  th e  to p  
and one in  th e  b o tto m . W orking p r e s s u r e  was d e s ig n a te d  a s  
500 p s i .  One o f  th e  to p  c o n n e c tio n s  was th e  i n l e t  t o  th e  
r e c e i v e r  from  R l, one was u se d  a s  a g a s  sam p lin g  p o i n t  and 
th e  t h i r d  was u sed  f o r  a l i n e  to  th e  seco n d  r e c e i v e r  and 
f o r  a 12 i n .  H e ise  p r e s s u r e  g a u g e . The seco n d  r e c e i v e r  was
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a 500 cUo i n .  s t a i n l e s s  s t e e l  v e s s e l  p r e v io u s ly  u sed  f o r  
ox y g en . I t  h ad  o p e n in g s  to p  and b o tto m . The b o tto m  con­
n e c t io n s  from  b o th  r e c e i v e r s  and from  a d r ip  l e g  u n d e r th e  
c o o l in g  c o i l  w ere  c o n n e c te d  to  two c o ld  t r a p s  in  s e r i e s .
The p ro d u c t  g as  was p u rg e d  th ro u g h  th e  t r a p s  and a l l  con­
d e n s a b le s  w ere  f r o z e n  o u t  a t  d ry  i c e  t e m p e r a tu r e .  In  
e x p e r im e n ts  116-149  th e  p ro d u c t  g as  was th e n  v e n te d .  F o r 
t h e  re m a in d e r  o f  t h e  e x p e r im e n ts  i t  was p a s s e d  th ro u g h  a 
w e t t e s t  m e te r  and v e n te d .  The p ro d u c t  c o l l e c t i o n  sy stem  
i s  shown in  F ig u re  15 .
Auxiliaries
Gas sam p les  o f  b o th  fe e d  and p ro d u c t  g as  w ere 
c o l l e c t e d  i n  1CC-3AA c y l i n d e r s .  A v e n t  h e a d e r  was i n ­
s t a l l e d  on two s id e s  o f  th e  b a r r i c a d e d  c e l l  and g as  from  
v a r io u s  p o in t s  in  th e  sy s te m  was v e n te d  to  i t  t o  a llo w  
p u rg in g  to  t a k e  p la c e  s a f e l y .  A vacuum l i n e  was a v a i l ­
a b le  i n  th e  b a r r i c a d e d  c e l l ,  t i e d  i n t o  a D u o -se a l vacuum 
pump made b y  W. M. W elch M a n u fa c tu r in g  Co. Dry a i r  was 
a v a i l a b l e  a t  140 p s i .  f o r  o p e r a t io n  o f  P i ,  P3 and th e  o i l  
b a th  s t i r r e r .
H igh  P r e s s u r e  C e l l  
A ll t h e  h ig h  p r e s s u r e  eq u ip m en t w hich  o p e ra te d  a t  
o v e r  1 0 ,0 0 0  p s i .  was c o n ta in e d  i n  a b a r r i c a d e d  c e l l .  F lo o r  
d im e n s io n s  o f  th e  c e l l  w ere  sev en  f e e t  by  tw e lv e  f e e t  and 
th e  c e i l i n g  was e i g h t  f e e t  h ig h .  The w a l l s  and c e i l i n g  
w ere  made o f  1 /4  i n .  s t e e l  p l a t e s  w e ld ed  to g e th e r .
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Figure 15. Liquid Product Collection Section.
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The i n t e r i o r  o f  th e  p l a t e s  was h ack ed  h y  two in c h  to n g u e  
and g ro o v e  wood. A M an ila  ro p e  b l a s t  m at was l a i d  on th e  
c e i l i n g  and one was hung  o v e r  th e  o p e n in g  a t  one end o f  
th e  c e l l  w h ich  was u se d  a s  a  d o o r . A b lo w -o u t p a n e l  s ix  
f e e t  by  e ig h t  f e e t  was i n s t a l l e d  w ith  sm a ll sc rew s in  th e  
o u ts id e  w a ll  o f  th e  b u i l d i n g .  A p r e s s u r e  o f  a b o u t one p s i .  
w ould a llo w  th e  p a n e l  to  d ro p  away. A v e n t  fa n  o f  h ig h  
c a p a c i ty  was lo c a t e d  in  th e  b o tto m  s e c t io n  o f  th e  b lo w  o u t  
p a n e l  in  o r d e r  to  d i s s i p a t e  any g as  le a k a g e .  A M an ila  ro p e  
b l a s t  m at was hung a b o u t t h r e e  f e e t  from  th e  b lo w -o u t p a n e l 
on th e  o u t s id e  o f  t h e  b u i l d i n g .  V a lv es  w hich  h ad  to  b e  
o p e r a te d  a t  p r e s s u r e  o v e r  1 0 , 0 0 0  p s i .  w ere  e q u ip p ed  w ith  
e x te n s io n  h a n d le s  w h ich  p a s s e d  th ro u g h  th e  c e l l  w a l l s .  The
200 ,000  p s i .  v a lv e s  V I, V3, V4 w ere  f i t t e d  w ith  e x te n s io n  
h a n d le s  w ith  a t h r e e  in c h  d i s c  w e ld ed  v e r t i c a l l y  to  th e  
h a n d le s .  T h is  a rra n g e m e n t p re v e n te d  th e  e x te n s io n  h a n d le  
from  b e in g  blow n i n t o  t h e  w o rk in g  a r e a  in  c a s e  th e  g la n d  
n u t  o f  a  v a lv e  f a i l e d .
The b u i ld in g  was eq u ip p ed  w ith  f i r e  h o se  and f i r e  
a la rm s , and two 15 l b .  COg e x t in g u i s h e r s  w ere  lo c a t e d  in  
th e  im m ed ia te  v i c i n i t y  o f  t h e  c e l l .
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CHAPTER VI
EXPERIMENTAL PROCEDURE
The p ro c e d u re  i s  d iv id e d  i n t o  f o u r  p a r t s ,  e ach  
d e s c r ib in g  a d i f f e r e n t  o p e r a t io n  r e q u i r e d  i n  o r d e r  t o  p r e ­
p a re  f o r  and  co m p le te  an  e x p e r im e n t:  F eed  P r e p a r a t io n  and
S to r a g e ,  P ro c e d u re s  P r i o r  to  R e a c tio n , C o n d u c tin g  R e a c tio n  
and  Sam ple C o l l e c t i o n .  The p ie c e s  o f  eq u ip m en t t o  w h ich  
r e f e r e n c e  i s  made a r e  shown in  th e  f lo w  d ia g ra m s . F ig u r e s  
6 , 8 and  11 .
Feed  P r e p a r a t io n  and  S to ra g e  
M ethane and  oxygen w ere  th e  r e a c t a n t s  c h a rg e d  to  
th e  fe e d  m ix in g  ta n k .  I t  was assum ed t h a t  th e  m ix in g  
ta n k , T l ,  c o n ta in e d  a  sm a ll  am ount o f  r e s i d u a l  fe e d  an d , 
s p e c i f i c a l l y ,  no a i r .  I f  i t  d id  c o n ta in  a i r ,  i t  w ould  
hav e  b e en  n e c e s s a r y  t o  e v a c u a te  i t  b e f o r e  a d d in g  th e  
m e th an e . The m ethane was c h a rg e d  f i r s t  t o  T l i n  o r d e r  t o  
a v o id  h a v in g  an  e x p lo s iv e  m ix tu re  o f  m ethane and  oxygen 
a t  any s ta g e  o f  th e  o p e r a t io n .  The e x p lo s iv e  l i m i t s  o f  
th e  m ix tu re  a t  a tm o s p h e r ic  p r e s s u r e  and te m p e ra tu re  a r e  
a p p ro x im a te ly  f iv e  t o  60 volum e p e r c e n t  m e th an e . In  t h i s  
work an  a v e ra g e  m ethane c o n c e n t r a t io n  o f  a b o u t 92 volum e
69
p e r c e n t  was u se d , and  i t  was n e c e s s a ry  t o  a v o id  g e t t i n g  
a i r  o r  oxygen i n t o  th e  eq u ip m en t b e f o r e  a d d in g  m e th an e .
W ith  th e  gas r e g u l a t o r  u se d , a m ethane p r e s s u r e  o f  90 p s i g .  
was o b ta in e d  i n  T l .  The c o p p e r  tu b in g  was th e n  d is c o n n e c te d  
from  th e  m ethane r e g u l a t o r ,  in s p e c te d  and  c le a n e d  t o  make 
s u re  t h a t  i t  d id  n o t  c o n ta in  any  o rg a n ic  l i q u i d .  The co n ­
n e c t io n  o f  th e  Oxygen r e g u l a t o r  was k e p t  c o v e re d  w ith  a 
p ie c e  o f  c le a n  c h e e se  c l o t h  t o  a v o id  a c c i d e n t a l  c o n ta m in a ­
t i o n .  A f t e r  c o n n e c tin g  th e  tu b in g ,  oxygen was ad ded  t o  T l 
t o  th e  p r e s s u r e  c a l c u l a t e d  t o  g iv e  a b o u t e i g h t  volum e p e r ­
c e n t  oxygen i n  th e  m ix tu r e .  The r e s u l t i n g  p r e s s u r e  was 
u s u a l l y  a b o u t 100 p s ig .
W ater was th e n  pumped i n t o  T l u s in g  th e  w a te r  pump, 
P i ,  u n t i l  th e  p r e s s u r e  was 300 p s ig .  A t t h i s  p o in t  fe e d  
from  T l was t r a n s f e r r e d  b a tc h w is e  t o  th e  f e e d  s to r a g e  ta n k  
b y  th e  u se  o f  th e  v o lu m e tr ic  d is p la c e m e n t pum ping sy s tem ,
P2. A f t e r  th e  g as  s id e  was v a lv e d  i n ,  th e  v a lv e  t o  th e  o i l  
pump was opened , and  o i l  pumped i n t o  th e  b o tto m  o f  th e  c y l i n ­
d e r  u n t i l  th e  p r e s s u r e  was 5 ,5 0 0 -6 ,0 0 0  p s i .  The v a lv e  t o  
th e  pump d is c h a rg e  s id e  was c lo s e d ,  and  th e  v a lv e  le a d in g  
t o  T2 was o p en ed . A f te r  th e  gas  h ad  d e p re s s u re d  t o  T2, th e  
v a lv e  was c lo s e d .  A n o th e r v a lv e  was opened  t o  a l lo w  th e  
o i l  t o  d r a in  b ack  t o  th e  r e s e r v o i r .  The g a s  c y l in d e r ,  when 
em pty o f  o i l ,  was f i l l e d  t o  a b o u t 300 p s i .  w i th  g a s ,  and  
th e  p ro c e d u re  was r e p e a te d .  T here  a r e  two p a r a l l e l  u n i t s  
t o  P2, so  t h a t  w h ile  one c y l in d e r  was b e in g  f i l l e d  w ith  
o i l ,  th e  o th e r  was b e in g  d r a in e d .  S in c e  P2 was a  p o s i t i v e
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d is p la c e m e n t pump, even  th o u g h  i t  h ad  a r e l i e f  v a lv e ,  i t  
was n e c e s s a r y  t o  a v o id  tu r n in g  i t  on b e f o r e  th e  d is c h a rg e  
v a lv e  was o p en ed . When th e  fe e d  s u p p ly  i n  T l h ad  b een  
t r a n s f e r r e d  to  T2, th e  w a te r  was d ra in e d  from  T l , and i t  
was re c h a rg e d  w i th  m ethane and  oxygen . I t  was n e c e s s a ry  
t o  re c h a rg e  T l th r e e  tim e s  in  o r d e r  t o  a c h ie v e  a p r e s s u r e  
o f  2 ,0 0 0  p s i .  i n  T2. The p r e s s u r e  in  T2 w ould v a ry , o f  
c o u rs e ,  d ep en d in g  on th e  r e s i d u a l  fe e d  l e f t  i n  i t  b e f o r e  
t r a n s f e r  from  T l s t a r t e d .  When th e  p r e s s u r e  i n  T2 was 
a b o u t  2 ,0 0 0  p s i . , w a te r  was pumped i n t o  th e  b o tto m  v ia  
P I , and  th e  p r e s s u r e  was in c r e a s e d  t o  5 ,5 0 0  p s i . , w hich 
was th e  f e e d  s to r a g e  p r e s s u r e .  Enough fe e d  was now a v a i l ­
a b le  i n  T2 f o r  a b o u t 12 e x p e r im e n ts ,  d ep en d in g  on th e  
p r e s s u r e  o f  r e a c t i o n .
P r io r  t o  R e a c tio n  
A bout f i f t e e n  h o u rs  b e f o r e  an e x p e r im e n t was t o  
be ru n , u s u a l l y  th e  n ig h t  b e f o r e ,  th e  m ain h e a t e r s  a ro u n d  
th e  o i l  b a th  and  th e  b a y o n e t h e a t e r  w ere tu r n e d  on . The 
P o w e rs ta t  t o  th e  m ain h e a t e r s  was a d ju s t e d  t o  g iv e  an  o i l  
te m p e ra tu re  i n  th e  ran g e  o f  215-240°C . In  th e  m orning  
th e  P o w e rs ta t  was r e a d ju s te d  t o  b r in g  th e  b a th  t o  th e  
d e s i r e d  te m p e ra tu re  w h ile  th e  sy s tem  was b ro u g h t  to  th e  
d e s i r e d  p r e s s u r e  l e v e l .  The r e c e iv e r s  w ere th e n  e v a c u a te d  
f o r  a t  l e a s t  15 m in u te s . The p r e s s u r e  r e c o r d e r ,  PR l, was 
z e ro e d . A ch eck  was made to  make s u re  t h a t  th e  r e a c t o r  
d is c h a rg e  v a lv e ,  V4, was c lo s e d ,  and  t h a t  th e  v a lv e  from
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Rl t o  th e  r e c e iv e r s  was open . A t t h i s  p o i n t ,  s in c e  i t  i s  
assum ed t h a t  a  r e a c t i o n  h ad  b een  c a r r i e d  o u t p r e v io u s ly ,  
th e  h ig h  p r e s s u r e  co m p re ss io n  c y l in d e r ,  CC2, c o n ta in e d  fe e d  
gas a t  a p r e s s u r e  o f  4 ,0 0 0 -7 ,0 0 0  p s i .  The v a lv e  b e tw een  
CC2 and  Rl was c ra c k e d  t o  a llo w  th e  r e a c t o r  t o  f i l l  s lo w ly  
w ith  g a s .  B e fo re  p ro c e e d in g  f u r t h e r ,  a ch eck  was made to  
see  t h a t  th e  v a lv e s  le a d in g  t o  and from  th e  fe e d  gas  re c o v e ry  
ta n k , T3, w ere c lo s e d .  The p r e s s u r e  gauge on th e  r e c e iv e r s  
was th e n  ch eck ed  t o  make s u re  t h a t  V4 was n o t  le a k in g  gas 
th ro u g h  th e  s e a t  and s tem . A ll  v a lv e s  from  T2 to  CC2, 
e x c e p t  th e  one ah ead  o f  CCl, w ere o pened . Then th e  v a lv e  
u p s tre a m  o f  CCl was c ra c k e d  i n  o r d e r  t o  a l lo w  th e  v e s s e l s  
dow nstream  t o  f i l l  w ith  fe e d  gas  t o  a p r e s s u r e  o f  a b o u t 
5 ,3 0 0  p s i .  The p r e s s u r e  in  T2 was k e p t  a t  from  5 ,0 0 0 -5 ,5 0 0  
p s i . , b y  ru n n in g  P i p e r i o d i c a l l y .
The v a lv e  ah ead  o f  CCl was c lo s e d  and v a lv e s  w ere 
l i n e d  up to  a l lo w  o i l  from  P3 to  flo w  t o  th e  b o tto m  o f  CCl.
As g a s  was p r e s s u r e d  o u t  o f  CCl th e  p r e s s u r e  i n  CC2 and  Rl 
was r a i s e d  in c r e m e n ta l ly .  When CCl was f u l l  o f  o i l ,  th e  
pump was s to p p e d , and  th e  o i l  was d ra in e d  b ack  t o  th e  
r e s e r v o i r .  The ch eck  v a lv e s  dow nstream  o f  CCl k e p t  i t  
from  r e f i l l i n g  w ith  g as  as  th e  o i l  d r a in e d  o u t .  CCl was 
r e f i l l e d  w ith  f e e d  g as  from  T2 to  a b o u t 5 ,3 0 0  p s i . ,  and  
a f t e r  r e f i l l i n g ,  th e r e  w ould b e  enough gas  i n  CCl t o  ta k e  
CC2 and R l t o  a t  l e a s t  13 ,800  p s i .  T h is  p r e s s u r e  was 
r e q u i r e d  b e f o r e  i n t e r n a l  r e a c t o r  h e a t in g  was a p p l ie d  in  
o rd e r  t o  c o n d u c t an e x p e r im e n t a t  1 5 ,000  p s i .  P3 was
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s to p p e d  a s  Rl a p p ro a ch e d  1 3 ,800  p s i .  Vl and V3 w ere c lo s e d ,  
th e  o i l  was d ra in e d  o u t  o f  CCI and  th e  v a lv e  dow nstream  o f  
CCl was c lo s e d .  The v a lv e s  b e tw een  T2 and CCl w ere c lo s e d .  
The r e a c t o r  s h o u ld  th e n  h av e  b e en  a t  th e  r i g h t  te m p e ra tu re  
and  p r e s s u r e  t o  b e g in  a ru n  a t  1 5 ,0 0 0  p s i .
I f  o p e r a t io n  was p la n n e d  a t  a p r e s s u r e  g r e a t e r  th a n
2 0 .0 0 0  p s i . ,  th e  p ro c e s s  o f  c o m p re ss io n  was r e p e a te d  w ith  
CCl u n t i l  CC2 and Rl w ere a t  a  p r e s s u r e  o f  2 0 ,0 0 0  p s i .  Vl 
was c lo s e d ,  CCl e m p tie d  o f  o i l ,  and  th e  v a lv e s  i n  th e  
in te r m e d ia te  p a r t  o f  th e  sy s te m  w ere c lo s e d  a s  b e f o r e .
The v a lv e  le a d in g  t o  T3 was o p en ed . O il  f lo w  from  P3 was 
th e n  d i v e r t e d  t o  th e  low  p r e s s u r e  c y l in d e r  o f  th e  i n t e n s i ­
f i e r ,  I I .  The p r e s s u r e  in c r e a s e  i n  Rl was s lo w , b e c a u se  
o f  th e  1 0 :1  a r e a  r a t i o  b e tw een  th e  low  p r e s s u r e  and  h ig h  
p r e s s u r e  p i s to n s  o f  th e  i n t e n s i f i e r .  Pumping w ith  P3 was 
c o n t in u e d  u n t i l  th e  p i s t o n  p o s i t i o n  i n d i c a t o r  o f  th e  
i n t e n s i f i e r  showed t h a t  th e  p i s to n s  w ere n e a r  th e  h ig h  
p r e s s u r e  e n d . The p i s to n s  w ere th e n  r e v e r s e d  by  d i v e r t i n g  
th e  o i l  from  th e  low  p r e s s u r e  s id e  t o  th e  h ig h  p r e s s u r e
s id e  o f  l l .  Once th e  p i s to n s  w ere r e v e r s e d ,  o i l  was fe d
once more t o  th e  low  p r e s s u r e  en d , and  t h i s  p ro c e s s  was
re p e a te d  u n t i l  Rl was a t  a b o u t 4 6 ,0 0 0  p s i .  f o r  a  ru n  a t
5 0 .000  p s i . , o r  a t  a b o u t 9 7 ,5 0 0  p s i .  i f  th e  f i n a l  p r e s s u r e  
o f  o p e r a t io n  was a t  1 0 0 ,0 0 0  p s i .  V3 was c lo s e d ,  th e  
p i s to n s  i n  l l  w ere r e v e r s e d ,  and  th e  o i l  was d r a in e d  from  
CC2 v ia  V2. The r e a c t o r  w ould th e n  be  a t  th e  d e s i r e d
temperature and pressure preparatory to initiating reaction.
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The o i l  te m p e ra tu re  was m a in ta in e d  40-50°C  lo w er th a n  th e  
p la n n e d  te m p e ra tu re  o f  Rl f o r  t h e  e x p e r im e n t.
C o n d u c tin g  th e  R e a c tio n  
The r e f e r e n c e  te m p e ra tu re  o f  th e  R ubicon  p o t e n t i o ­
m e te r  was ch eck ed  and th e  c h a r t  d r iv e  o f  t h e  r e a c t o r  te m p e ra ­
t u r e  r e c o r d e r ,  TR l, was tu r n e d  on . The i n t e r n a l  h e a t e r  in  
Rl was tu r n e d  up t o  a b o u t 6 ,7  am ps. As th e  Rl te m p e ra tu re  
in c r e a s e d ,  i t  was fo llo w e d  on TRl and on t h e  p o te n t io m e te r .  
A f te r  s i x  m in u te s , Rl was u s u a l l y  up t o  t h e  e x p e r im e n ta l  
te m p e ra tu re  l e v e l .  T h e re fo re ,  s i x  m in u te s  from  th e  tim e  
th e  h e a t e r  was tu rn e d  on was d e s ig n a te d  a s  th e  s t a r t i n g  tim e  
o f  th e  e x p e r im e n t .  V o lta g e  t o  th e  i n t e r n a l  h e a t e r  was d e ­
c r e a s e d  p e r i o d i c a l l y  t o  k eep  th e  te m p e ra tu re  a t  t h e  d e s i r e d  
l e v e l .  The p r e s s u r e  was re c o rd e d  on P R l. E very  f i v e  m in u te s  
Rl te m p e ra tu re  was m easu red  w ith  th e  p o te n t io m e te r  and  r e ­
c o rd e d . I f  t h e  p la n n e d  te m p e ra tu re  o f  o p e r a t io n  was to o  
h ig h  and th e  h e a t  o f  r e a c t i o n  c o u ld  n o t  b e  d i s s i p a t e d  f a s t  
enough , a runaw ay o r  a d i a b a t i c  r e a c t i o n  o c c u r r e d .  In  t h i s  
c a s e ,  when th e  p r e s s u r e  r e tu r n e d  t o  th e  o r i g i n a l  l e v e l  f o r  
th e  is o th e r m a l  r e a c t i o n ,  th e  i n t e r n a l  h e a t e r  was u s u a l l y  
tu r n e d  o f f ,  and  th e  c o n te n ts  o f  th e  r e a c t o r  w ere  r e l e a s e d  
t o  th e  r e c e i v e r s .  I f  th e  r e a c t i o n  rem a in ed  i s o th e r m a l ,  th e  
i n t e r n a l  h e a t e r  was tu r n e d  o f f  a f t e r  a  p re d e te rm in e d  tim e  
and  th e  r e a c t o r  was d e p re s s u re d  to  t h e  p r o d u c t  r e c e i v e r s .  
A f te r  p r e s s u r e  h ad  e q u a l iz e d  in  Rl and  th e  r e c e i v e r s ,  th e  
p r e s s u r e  and te m p e ra tu re  w ere  ta k e n .
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Sample Collection
The r e c e iv e r s  w ere v a lv e d  o f f  from  R l. The i n l e t  
s id e  o f  th e  c o ld  t r a p  was hooked  up to  th e  b o tto m  c o n n e c t io n  
from  th e  r e c e i v e r s . The o u t l e t  s id e  o f  th e  c o ld  t r a p s  was 
c o n n ec te d  to  th e  v e n t .  The gas and  l i q u i d  l e f t  i n  Rl w ere 
p a s s e d  s lo w ly  th ro u g h  th e  c o ld  t r a p s  and  v e n te d .  The flo w  
r a t e  was c o n t r o l l e d  b y  a  n e e d le  v a lv e . A f t e r  Rl p r e s s u r e  
was down t o  a tm o s p h e r ic , th e  o u t l e t  o f  th e  c o ld  t r a p s  was 
c o n n e c te d  t o  th e  vacuum h e a d e r ,  and  a vacuum was p u l l e d  on 
Rl f o r  a b o u t 15 m in u te s .  R l was th e n  b lo c k e d  in  t e m p o r a r i ly ,  
and th e  o u t l e t  o f  th e  c o ld  t r a p s  was re c o n n e c te d  t o  th e  v e n t .  
A g as  sam ple bomb was e v a c u a te d  and c o n n e c te d  t o  th e  g as  
sam ple p o in t  a t  th e  r e c e i v e r s .  A f t e r  p u rg in g  th e  bomb tw ic e  
w ith  p ro d u c t  g a s , w hich  was r e l e a s e d  th ro u g h  th e  c o ld  t r a p s ,  
a g as  sam ple was ta k e n  w i th  30 p s i g .  i n  th e  bomb. Gas flo w  
was th e n  a d ju s t e d  from  th e  r e c e iv e r s  th ro u g h  th e  c o ld  t r a p s .  
The flo w  r a t e  was v e ry  s lo w , and r e q u i r e d  two h o u rs  tim e  f o r  
th e  r e c e iv e r s  t o  d e p re s s u re  to  a tm o sp h e r ic  f o r  a 5 0 ,0 0 0  p s i .  
e x p e r im e n t.
In  e x p e r im e n ts  150-175 th e  w e t t e s t  m e te r  was co n ­
n e c te d  b e tw een  th e  o u t l e t  s id e  o f  th e  c o ld  t r a p s  and  th e  v e n t .  
A f te r  th e  r e c e iv e r s  re a c h e d  a tm o sp h e r ic  p r e s s u r e ,  
th e  o u t l e t  from  th e  c o ld  t r a p s  was c o n n e c te d  t o  th e  vacuum 
h e a d e r .  A vacuum was p u l l e d  on th e  r e c e iv e r s  f o r  a b o u t 30 
m in u te s . The v a lv e s  a t  th e  b o tto m  o f  th e  r e c e iv e r s  w ere th e n  
c lo s e d ,  and  th e  c o ld  t r a p s  w ere rem oved from  th e  sy s te m . The 
c o n te n ts  o f  th e  c o ld  t r a p s  w ere a llo w e d  t o  m e lt  and w ere th e n
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t r a n s f e r r e d  t o  a  30 m l, sam ple  b o t t l e  w h ich  h ad  b een  w eighed  
p r e v io u s ly .  The c o ld  t r a p s  w ere c o n n e c te d  b a ck  i n t o  th e  sy s te m , 
A vacuum was p u l l e d  on Rl and  th e  r e c e iv e r s  f o r  th r e e  q u a r t e r s  
o f  an h o u r .  The c o ld  t r a p s  w ere e m p tie d  and  th e  p ro c e s s  was 
r e p e a te d .  The t o t a l  sam ple c o l l e c t e d  was w e ig h ed . The sam ple  
was th e n  s to r e d  in  a f r e e z e r  a t  0°C,
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CHAPTER V II
ANALYTICAL EQUIPMENT, PROCEDURES,
AND CHEMICALS USED
Sam ples t o  be  a n a ly z e d  c o n s i s t e d  o f  f e e d  g a s  and 
p ro d u c t  g a s  c o n ta in e d  i n  500 ml» sam ple  bombs a t  30 p s ig » ,  
an d  l i q u i d  p ro d u c t  v a r y in g  in  w e ig h t from  1 t o  19 gms »
A n a ly t i c a l  E quipm ent
The g as  sam p les  w ere  a n a ly z e d  on a  v a p o r p h ase  
ch ro m a to g rap h  shown i n  F ig u r e  16 . The b a s i c  ch ro m a to g rap h  
was th e  one u se d  b y  P ip k in  (4 5 ) , m o d if ie d  f o r  t h i s  w ork. 
The u n i t  c o n s i s t e d  o f  a  c a r r i e r  g as  sy s te m , sam ple  a d d i­
t i o n  sy s te m , colum n, d e t e c t o r s ,  r e c o r d e r  an d  c o n s ta n t  
te m p e ra tu re  a i r  b a th .
In s tru m e n t  g ra d e  h e liu m  was u se d  a s  c a r r i e r  g a s .  
The p r e s s u r e  was re d u c e d  from  a maximum o f  2 ,0 0 0  p s i .  i n  
th e  c y l in d e r  to  a p r e s s u r e  o f  a b o u t 20 p s i»  b y  u s in g  a 
s ta n d a r d  h e liu m  r e g u la to r »  Flow  t o  th e  c h ro m a to g ra p h  was 
th e n  c o n t r o l l e d  a t  th e  d e s i r e d  r a t e  b y  u s in g  a n e e d le  
v a lv e  » Gas flo w  th ro u g h  th e  column was m easu red  b y  means 
o f  a so ap  b u b b le  d e v ic e  w h ich  c o n s i s t e d  o f  a r e s e r v o i r  
f o r  l i q u i d  so ap  c o n n e c te d  t o  th e  b o tto m  o f  a  b u r e t t e  »
The g a s  e n te r e d  a t  th e  b o tto m , fo rm in g  a s o a p  b u b b le
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'
Figure 16. Vapor Phase Chromatograph.
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which traversed the length of the buretteo The speed of 
the bubble was determined and the volumetric flow rate 
adjusted accordingly.
The sam ple a d d i t i o n  sy s te m  c o n ta in e d  two 3-way 
v a lv e s  c o n n e c te d  in  th e  fo l lo w in g  m anner: The to p  v a lv e
was c o n n e c te d  to  th e  sam ple bomb, th e  colum n i n l e t  and  
th e  to p  o f  th e  sam ple tu b e .  The b o tto m  v a lv e  was con­
n e c te d  t o  th e  h e liu m  c a r r i e r  o u t l e t  l i n e  from  th e  r e f e r e n c e  
s id e  o f  th e  d e t e c t o r ,  to  a  vacuum s o u rc e ,  and  to  th e  b o tto m  
o f  th e  sam ple tu b e .  The sam ple tu b e  was made o f  e i g h t  
in c h e s  o f  1 /4  in c h  c o p p e r  tu b in g .
A t h i r d  3-way v a lv e  was u sed  t o  d i v e r t  h e liu m  from  
th e  r e f e r e n c e  d e t e c t o r  d i r e c t l y  t o  th e  colum n o r  t o  th e  b o tto m  
o f  th e  sam ple tu b e .
Two colum ns w ere u se d  a l t e r n a t e l y .  One colum n con­
s i s t e d  o f  14 f t .  o f  1 /4  i n .  c o p p e r  tu b in g  and was pack ed  
w ith  60-80  m esh, 5A m o le c u la r  s i e v e s .  T h is  colum n was 
u sed  t o  s e p a r a te  h y d ro g en , oxygen , n i t r o g e n ,  m ethane and 
c a rb o n  m onoxide. The sec o n d  colum n c o n ta in e d  sev e n  f e e t  
o f  1 /4  i n .  c o p p e r  tu b in g  and  was p ack ed  w ith  180-200 mesh 
s i l i c a  g e l .  I t  was u se d  t o  s e p a r a te  c a rb o n  d io x id e  from  
th e  o th e r  g a seo u s  co m p o n en ts .
The d e t e c to r s  w ere a  m atched  p a i r  o f  8 ,0 0 0  ohm 
th e r m is to r s  i n s t a l l e d  i n  a  s t a i n l e s s  s t e e l  b lo c k .  One 
th e r m is to r  was i n s t a l l e d  i n  th e  c a r r i e r  g as  c h a n n e l and  th e  
o th e r  i n  th e  sam ple  gas  c h a n n e l .  The th e r m is to r s  made up 
one s id e  o f  a W h ea ts to n e  b r id g e .  The so u rc e  o f  c u r r e n t
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was a  12 v o l t  w et c e l l  b a t t e r y .  The c e l l  v o l ta g e  o u tp u t  
was re d u c ed  t o  th e  p ro p e r  l e v e l  by  u se  o f  a s t e p  s w i tc h .
The v o l ta g e  was re c o rd e d  b y  a B r i s t o l  D ynam aste r, Model 
lPH -560 , w ith  a  0 - 1 .0  m i l l i v o l t  r a n g e . C h a r t  sp e e d  was 
one in c h  p e r  m in u te .
H elium  flo w  from  th e  c y l in d e r  p a s s e d  f i r s t  th ro u g h  
a p r e h e a te r  made o f  a b o u t tw o f e e t  o f  1 /4  i n .  c o p p e r  tu b in g  
and  th e n  t o  th e  r e f e r e n c e  t h e r m i s t o r .  From h e re  th e  h e liu m  
flo w ed  to  th e  colum n, th e n  t o  th e  sam ple d e t e c t o r ,  an d  to  
th e  f lo w  m e te r .  A l t e r n a t e l y ,  h e liu m  from  th e  r e f e r e n c e  
d e t e c t o r  was d iv e r t e d  t o  th e  sam ple  tu b e  b e f o r e  e n t e r in g  
th e  colum n.
The p r e h e a t e r ,  colum n and  d e t e c to r s  w ere e n c lo s e d  
in  an a i r  b a th .  Two s m a ll  fa n s  w ere u se d  t o  c i r c u l a t e  th e  
a i r .  A S a rg e n t  Model S T h e rm o n ito r  was u se d  t o  c o n t r o l  th e  
te m p e ra tu re  b y  c o n t r o l l i n g  pow er t o  tw o, 250-300 w a t t  
h e a t e r s .
The l i q u i d  sam p les  w ere a n a ly z e d  b y  l i q u i d  p a r t i ­
t i o n  ch ro m ato g rap h y  and  b y  w et c h e m ic a l m e th o d s.
M ethyl fo rm a te , a c e to n e ,  m eth an o l and  w a te r  w ere 
d e te rm in e d  on th e  c h ro m a to g ra p h , w hich  was th e  one d e s c r ib e d  
b y  L o t t  (29) m o d if ie d  f o r  a l i q u i d  sam ple o n ly .  The h e liu m  
c a r r i e r  sy s tem , r e c o r d e r  and  a i r  b a th  w ere o f  th e  same ty p e s  
and  d e s ig n  a s  u se d  f o r  th e  v a p o r  p h ase  ch ro m a to g ra p h .
The p a r t i t i o n  colum n c o n s i s t e d  o f  e i g h t  f t .  o f  1 /4  
i n .  co p p e r tu b in g  p ack ed  w ith  30 p e r c e n t  d ig ly c e r o l  on 8 0 - 
100 mesh Chromoso rb  W.
8 0
The d e t e c t o r s  w ere a m atch ed  p a i r  o f  Gow-Mac tu n g -  
s to n  f i l a m e n t s . One f i l a m e n t  was i n s t a l l e d  in  th e  c h a n n e l 
o f  th e  b r a s s  b lo c k  c a r r y in g  r e f e r e n c e  g as  and  th e  o th e r  in  
th e  c h a n n e l c a r r y in g  sam ple  g a s .  The s i g n a l  from  t h i s  
ch ro m a to g rap h  was a l s o  re c o rd e d  on a  B r i s t o l  D y nam aster,
Model lP H -560 .
The l i q u i d  sam ple was i n j e c t e d  i n t o  th e  h e liu m  c a r r i e r  
g as  b y  means o f  a  10 m i c r o l i t e r  s y r in g e .  The sam ple  was f l a s h  
v a p o r iz e d  i n  a  p r e h e a te r  h e ld  a t  20°C above th e  te m p e ra tu re  
o f  th e  a i r  b a th  b e f o r e  e n t e r in g  th e  co lum n.
A n a ly t i c a l  P ro c e d u re s
C a l ib r a t i o n  o f  th e  ch ro m a to g rap h s  i s  d e s c r ib e d  in  
A ppendix  B.
The o p e r a t in g  c o n d i t io n s  u se d  f o r  e a c h  o f  th e  colum ns 
a r e  shown be low :
TABLE 3 .
OPERATING CONDITIONS FOR CHROMATOGRAPHS
5A M o le c u la r  
S ie v e
S i l i c a
Gel D ig ly c e r o l
H elium  f lo w , m l/m in . 85 85 85
B ath  te m p e ra tu re ,  °C 34 80 123
C e l l  c u r r e n t ,  ma. 5 5 150
The p ro c e d u re  f o r  a n a ly s i s  o f  th e  p ro d u c t  g a s  sam p les  
was a s  fo l lo w s :
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The a i r  b a th  was b ro u g h t up t o  te m p e ra tu re  and  th e  
a p p a r a tu s  a llo w e d  to  r e a c h  th e rm a l e q u il ib r iu m ^  The sam ple 
bomb was c o n n e c te d  t o  th e  sam ple p o i n t .  H elium  g as  was 
v a lv e d  to  go d i i^ e c t ly  t o  th e  colum n a t  th e  c o r r e c t  r a t e .
The sam ple tu b e  and l i n e s  up to  th e  sam ple bomb w ere e v a c ­
u a te d .  The vacuum l i n e  was v a lv e d  o f f ,  and  th e  sam ple bomb 
was opened , a l lo w in g  th e  sam ple tu b e  t o  f i l l .  The sam ple 
bomb v a lv e  was c lo s e d .  The to p  3-way v a lv e  was tu r n e d  to  
a  n e u t r a l  p o s i t i o n  (no f lo w ) . The 3-w ay v a lv e  a t  th e  b o tto m  
o f  th e  sam ple tu b e  was opened  to  th e  h e liu m  flo w  from  th e  
r e f e r e n c e  d e t e c t o r ,  and  th e n  h e liu m  was d iv e r t e d  from  th e  
colum n t o  th e  b o tto m  o f  th e  sam ple tu b e .  L a s t ly ,  th e  to p  
3 -w ay v a lv e  was tu r n e d  t o  have th e  sam ple flo w  t o  th e  
co lum n. The r e c o r d e r  was z e ro e d  and  p eak  h e ig h ts  on th e  
r e c o r d e r  w ere a d ju s t e d  f o r  e ac h  com ponent by  s w i tc h in g  i n  
th e  r e q u i r e d  r e s i s t a n c e  u s in g  th e  s t e p  s w i tc h .  T hree  
a n a ly s e s  w ere made f o r  e ach  sam ple on b o th  th e  m o le c u la r  
s ie v e  and s i l i c a  g e l  co lum ns.
L iq u id  sam p les  w ere a n a ly z e d  in  th e  fo l lo w in g  m anner:
The p r e h e a te r  and  a i r  b a th  w ere b ro u g h t up to
.-g#
te m p e r a tu r e .  The h e liu m  flo w  was a d ju s t e d  to  th e  d e s i r e d  
r a t e .  The r e c o r d e r  was z e ro e d  and th e  r e s i s t a n c e  box 
sw itc h e d  t o  th e  c o r r e c t  v a lu e .  The sam ple was th e n  added  
th ro u g h  th e  ru b b e r  sep tum  i n t o  th e  p r e h e a te r  u s in g  th e  
s y r in g e .  As e ac h  peak  was re c o rd e d , th e  p ro p e r  r e s i s t a n c e  
was s w itc h e d  i n  f o r  th e  n e x t  com ponent. T r i p l i c a t e  a n a ly s e s  
w ere ru n  f o r  e a c h  sam ple  from  an e x p e r im e n t.
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The concentrations of each component were determined 
from each chromatogram from the relative areas under the peaks, 
The areas were measured using an Ott planimeter. Percentages 
calculated were then converted to volume percent for the 
gases and weight percent for the liquids, using the appro­
priate calibration curve.
F orm aldehyde was a n a ly z e d  u s in g  th e  m ethod o f  Rom ijn 
(4 6 , 5 2 ) .  I t  i s  a s ta n d a r d  io d o m e tr ic  t i t r a t i o n  w i th  s t a r c h  
i n d i c a t o r .  The e x c e s s  io d in e  was d e te rm in e d  v i a  t i t r a t i o n  
w ith  t h i o s u l f a t e .  D u p l ic a te  sam ples w ere  a n a ly z e d . S in c e  
a c e to n e  i n t e r f e r r e d  w ith  th e  a n a l y s i s ,  some sam ples h ad  to  
b e  c o r r e c t e d .  The r e l a t i o n s h i p  u se d  f o r  th e  c o r r e c t io n  i s  
shown in  F ig u r e  50 , A ppendix D. A l i n e a r  r e l a t i o n s h i p  f o r  
c o r r e c t i o n  o f  t h e  e f f e c t  o f  a c e to n e  on th e  io d o m e tr ic  d e t e r ­
m in a tio n  o f  fo rm ald eh y d e  was a l s o  r e p o r te d  by  Mach and 
Hermann (3 0 ) .
Form ic a c id  was d e te rm in e d  by  t i t r a t i o n  w i th  weak 
NaOH u s in g  p h e n o l th a le in  as  i n d i c a t o r  (1 5 ) .
Chemicals Used
The methane used was instrument grade purchased in 
size lA cylinders from Phillips Petroleum Company. The 
analysis was guaranteed as follows ;
w a te r  < 10 ppm.
oxygen < 20 ppm.
m ethane > 9 9 .0  m ol. p e r c e n t
A chrom atogram  o f  th e  h ig h  p u r i t y  m ethane was made.
8.3
N itro g e n  was th e  m a jo r im p u r i ty  a t  a b o u t 0 .6  m ol. p e r c e n t .
A maximum o f  0 .2  m o l. p e r c e n t  e th a n e  was a l s o  fo und  i n  this 
w ork .
Oxygen u sed  was USP g ra d e  b o t t l e d  b y  A i r  R e d u c tio n  
Company. I t  was o b ta in e d  th ro u g h  a l o c a l  s u p p l i e r .
Gases used for calibration of the chromatograph were:
C arbon m onoxide, CP g ra d e ,  9 9 .5  p e r c e n t  m in . purity, 
o b ta in e d  from  The Math e s o n  Company.
Carbon dioxide used was Coleman grade, 9 9 .9 9  v o l .  
percent pure, obtained from The Matheson Company.
H elium  was G rade A o b ta in e d  th ro u g h  The B u reau  o f  
M ines by  a l o c a l  s u p p l i e r .
Chemicals used for liquid chromatographic calibra­
tions were:
M eth an o l, a b s o lu t e ,  r e a g e n t ,  A .C .S . code 1212 
P u r i t y  9 9 .0  p e r c e n t  m in . from  B aker and  Adamson, d i v i s i o n  
o f  A l l i e d  C hem ical Co.
Form aldehyde s o l u t i o n :  3 6 .2  p e r c e n t  fo rm a ld eh y d e ,
12 p e r c e n t  m e th a n o l, re m a in d e r  w a te r .  B ak e r a n a ly z e d  
r e a g e n t  o b ta in e d  from  J .  T. B aker C hem ical Co.
Form ic A c id , 88 p e r c e n t ,  re m a in d e r  w a te r ,  s u p p l ie d  
b y  M a l l in k ro d t  C hem ical W orks.
M ethyl F o rm ate , p r a c t i c a l ,  B .P . 3 1 .2 5 - 3 2 .5 °C ., 
o b ta in e d  from  M atheson Coleman and B e l l .
A ce to n e , r e a g e n t ,  A .C .S . code 1004, p u r i t y  9 9 .5  
p e r c e n t  m in . from  B ak er and  Adamson, d i v i s i o n  o f  A l l i e d  
C hem ical Co.
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The following chemicals were used in the titrations;
Iodine Merck, LhS.P. resublimed, from Merck and Co.
Sodium Thiosulfate, crystal, certified reagent,
Fisher Scientific Co.
P o ta s s iu m  Io d id e ,  c r y s t a l ,  9 9 .5  p e r c e n t  m in . p u r i t y ,  
from  B aker and  Adamson, d i v i s i o n  o f  A l l i e d  C hem ica l Co.
P o ta s s iu m  lo d a t e ,  c r y s t a l l i n e  pow der, 9 9 .8  p e r c e n t  
m in . p u r i t y ,  from  B aker and  Adamson, d i v i s i o n  o f  A l l i e d  
C hem ical Co.
Sodium  H ydrox ide  p e l l e t s ,  97 p e r c e n t  m in . a s s a y ,  from  
B aker and  Adamson, d i v i s i o n  o f  A l l i e d  C hem ical Co.
CHAPTER V II I
DISCUSSION OF RESULTS
A summary o f  th e  r e s u l t s  o b ta in e d  in  t h i s  w ork i s  
g iv e n  in  T a b le  6, A ppendix A. The d a ta  w ere  o b ta in e d  o v e r  
th e  fo l lo w in g  ra n g e s  o f  r e a c t io n  c o n d i t io n s ;
P r e s s u r e ,  p s i .  1 5 ,0 0 0 , 5 0 ,0 0 0 , 9 7 ,0 0 0 -9 8 ,0 0 0
T em p e ra tu re , °C 220-420+
R es id e n ce  t im e , m in . 0 -60  
The i n t e n t i o n  was to  k eep  th e  oxygen c o n c e n t r a t io n  c o n s ta n t  
in  t h e  m eth an e. The a v e ra g e  o f  th e  v a r io u s  fe e d  b a tc h e s  
was 8 .2 4  ± 0 .3 8  m ole p e r c e n t .  Two h e a t e r  c o re s  w e re  u se d , 
one made o f  a lu m in a  and th e  o th e r  o f  P y rex , i n  o r d e r  t o  s tu d y  
th e  e f f e c t  o f  th e s e  m a te r i a l s  on th e  r e a c t io n  r a t e  and th e  
p ro d u c t  d i s t r i b u t i o n .  R es id en ce  tim e  i s  d e f in e d  a s  th e  
tim e  th e  r e a c t o r  was m a in ta in e d  a t  th e  d e s i r e d  te m p e ra tu re  
and p r e s s u r e  o f  th e  e x p e r im e n t.
M a te r ia l  b a la n c e s  w ere made f o r  oxygen, ca rb o n  and 
h y d ro g e n . The v a lu e s  a r e  shown in  T a b le  7, A ppendix A.
The f i r s t  m a te r i a l  b a la n c e  shows th e  p e rc e n ta g e s  o f  each  
e lem en t re c o v e re d  a s  d e te rm in e d  from  th e  w e ig h t o f  g as  and 
l i q u i d  w hich  was rem oved from  th e  sy s te m . Oxygen was 
c o n s id e re d  to  b e  th e  k ey  e lem en t s in c e  i t  i s  in  h ig h
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c o n c e n t r a t io n  in  th e  m ain p r o d u c ts —w a te r ,  c a rb o n  d io x id e  
and  c a rb o n  m onoxide  ^ In  th e  f i r s t  m a te r i a l  b a la n c e  oxygen 
re c o v e ry  ra n g e d  from  90-110 p e r c e n t  f o r  85 p e r c e n t  o f  th e  
ex p e rim en ts»  The lo w e s t v a lu e  was 70 p e r c e n t  and  th e  
h ig h e s t  was 117 p e rc e n t»
In  th e  seco n d  m a te r i a l  b a la n c e  l i s t e d  i n  T ab le  7 
f o r  each  e x p e r im e n t th e  w a te r  c o n te n t  o f  th e  p ro d u c t  was 
a d ju s t e d  so  t h a t  oxygen re c o v e ry  f o r  a l l  e x p e r im e n ts  was in  
th e  ran g e  o f  93-105 p e r c e n t .  The r a t i o  C:H was u sed  a s  a 
g u id e  f o r  t h i s  a d ju s tm e n t .  A l l  th e  h y d ro g en  was d e r iv e d  
from  th e  m ethane fe e d ,  and  th e  r a t i o  C:H m ust rem a in  a t  
3 :1 .  No ch anges i n  th e  r a t i o  w ere made w hich  r e s u l t e d  in  
th e  v a lu e s  b e in g  o u ts id e  th e  l i m i t s  o f  2 .9 9 - 3 .0 1 .  A few 
v a lu e s  i n i t i a l l y  w ere o u ts id e  th e s e  l i m i t s .  A C o n tro l 
D ata  Gl5 d i g i t a l  com puter was u sed  f o r  a l l  th e  c a l c u l a t i o n s  
in v o lv e d  i n  p r e p a r in g  T a b le s  6 and  7 .
In  o r d e r  t o  be  a b le  t o  p l o t  a l l  d a ta  on a common 
b a s i s ,  th e  c o n c e n t r a t io n  o f  th e  r e a c t a n t s  and  p ro d u c ts  a re  
u sed  on a m oles p e r  m ole o f  fe e d  p e r  l i t e r  o f  r e a c t o r ,  
mol e - l t r ~  * f r e e  volum e o f  th e  r e a c t o r  was s l i g h t l y
s m a l le r  w ith  th e  P y rex  c o re  th a n  w ith  th e  a lu m in a  c o r e .  
These f ig u r e s  w ere 389 and  426 m l . , r e s p e c t i v e l y .  The co n ­
c e n t r a t i o n s  o f  th e  p ro d u c ts  f o r  th e  v a r io u s  e x p e r im e n ts  a re  
l i s t e d  in  T ab le  8 .
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F ig u re  17 i s  a p l o t  o f  r e s i d u a l  oxygen c o n c e n t r a t io n  
and  c a rb o n  m onoxide, c a rb o n  d io x id e  and  m e th an o l c o n c e n t r a t io n s  
a t  1 5 ,0 0 0  p s i» ,  60 m in . r e s id e n c e  tim e  and v a r io u s  te m p e r a tu r e s ,  
u s in g  th e  a lu m in a  c o r e .  T hese d a ta ,  e x c e p t  f o r  th e  e x p e r im e n t 
a t  th e  h i g h e s t  te m p e ra tu re ,  w ere o b ta in e d  u n d e r  i s o th e r m a l  
c o n d i t i o n s .  The h ig h e s t  te m p e r a tu r e ,  310°C, gave an  is o th e rm a l  
r e a c t i o n  f o r  e i g h t  m in u te s . The te m p e ra tu re  th e n  in c r e a s e d  
u n c o n t r o l l a b ly  from  310 t o  317°C . The te m p e ra tu re  d e c re a s e d  
a lm o s t a s  q u ic k ly  t o  3 0 9 .5°C . A t th e  tim e  th e  te m p e ra tu re  
ch an g ed  th e  p r e s s u r e  in c r e a s e d  from  1 5 ,3 0 0  t o  1 8 ,2 0 0  p s i .  
and  th e n  d e c re a s e d  t o  1 4 ,9 0 0  p s i .  The t o t a l  e la p s e d  tim e  
f o r  th e  p r e s s u r e  in c r e a s e  and  d e c re a s e  was a b o u t one m in u te .
The e x p e r im e n t was c o n t in u e d  to  a  t o t a l  tim e  o f  60 m in u te s .
In  th e  o th e r  e x p e r im e n ts  th e r e  was no change in  te m p e ra tu re  
o r  p r e s s u r e  a f t e r  th e  i n i t i a l  h e a tu p  p e r io d  o f  s i x  m in u te s .
A r e a c t i o n  in  w h ich  te m p e ra tu re  in c r e a s e d  l e s s  th a n  30°C from  
th e  d e s i r e d  is o th e r m a l  c o n d i t io n  i s  d e f in e d  as  a weak a d i a b a t i c  
r e a c t i o n ,  A r e a c t i o n  i n  w h ich  te m p e ra tu re  in c r e a s e d  more th a n  
30°C i s  d e f in e d  a s  a s t r o n g  a d i a b a t i c  r e a c t i o n .
Some r e s i d u a l  oxygen rem a in ed  even  a f t e r  r e a c t i o n  a t  
th e  h i g h e s t  te m p e ra tu re  f o r  a l l  e x p e r im e n ts  c o n d u c te d  u n d e r 
a l l  c o n d i t i o n s .  Oxygen co n su m p tio n  i s  g r e a t e r  a t  th e  h ig h e r  
te m p e ra tu re ,  a s  e x p e c te d , and  i s  n o t  l i n e a r  w ith  te m p e ra tu re .
The e f f e c t  o f  te m p e ra tu re  on c a rb o n  m onoxide fo rm a tio n  
i s  o f  g r e a t  i n t e r e s t .  No c a rb o n  m onoxide was d e te c te d  a t
35070
H E A T E R  CO RE  
5 , 0 0 0  P S I
to
300o  60
X
cc N O N I S O T H E R M A L
R E A C T I O N
I S O T H E R M A L  R E A C T I O N  
6 0  MIN.H_ J
• 50
UJ
250
o
s
CO 4 0
UJ_i
200CO
o
s
150d  30
z
o
o
«  20
o
ocr
Q .
100
C H , O H
50
250225 275 300 325 3 50
to
O
X
CC
I
UJ
CO
UJ
o
z
oo
ID
>~
X
o
T E M P E R A T U R E , " C
F i gure 17. The E f f e c t  o f  T e m p e r a t u r e  on C o n c e n t r a t i o n s  at 15,000 psi.. A l u m i n a  Core
00
00
89
te m p e ra tu re s  up t o  and  in c lu d in g  295°C . Above t h i s  te m p e ra tu re ,  
how ever, th e  m onoxide c o n c e n t r a t io n  in c r e a s e s  r a p i d l y  w ith  
te m p e ra tu re .  On th e  o th e r  hand  c a rb o n  d io x id e  i s  form ed a t  
as  low  a te m p e ra tu re  a s  270°C and in c r e a s e s  a t  a  h ig h  r a t e  
up t o  305°Co U n f o r tu n a te ly ,  th e  g as  sam ple was l o s t  from  th e  
bomb b e f o r e  th e  sam ple c o u ld  be a n a ly z e d  f o r  c a rb o n  d io x id e ,  
and a  v a lu e  i s  n o t  a v a i l a b l e  f o r  a  te m p e ra tu re  o f  310°C .
A s m a ll  am ount o f  m e th an o l i s  form ed a t  te m p e ra tu re s  
b e tw een  270-305°C , b u t  a  s i g n i f i c a n t  am ount i s  made o n ly  a t  
310°Co
F ig u re  18 c o n ta in s  a  p l o t  o f  r e s i d u a l  oxygen, c a rb o n  
m onoxide, c a rb o n  d io x id e  and  m eth an o l i n  th e  p ro d u c t  a t  50 ,000  
p s i .  and  a t  v a r io u s  t e m p e r a tu r e s .  The r e s id e n c e  tim e  i s  th e  
same f o r  th e  i s o th e rm a l  r e a c t io n s  a s  f o r  th e  d a ta  shown in  
F ig u re  17, 50 m in u te s .  A t 5 0 ,000  p s i .  b o th  a weak a d i a b a t i c  
and a s t r o n g  a d i a b a t i c  r e a c t i o n  w ere  o b ta in e d .  In  e a c h  c a s e ,  
th e r e  i s  o n ly  a sm a ll  and e q u a l  am ount o f  r e s i d u a l  oxygen .
The r e s id e n c e  tim e s  f o r  th e s e  e x p e r im e n ts  w ere sev en  and  
th r e e  m in u te s , r e s p e c t i v e l y ,  w hich  was r e l a t i v e l y  s h o r t .  In  
two is o th e r m a l  ru n s  a t  295°C, th e  same r e s i d u a l  oxygen con ­
c e n t r a t i o n  was a l s o  o b ta in e d ,  i n d i c a t i n g  th e  r e a c t i o n  was 
e s s e n t i a l l y  co m p le ted  in  a l l  fo u r  c a s e s .  A t 295°C and
15 ,000  p s i . ,  th e r e  was v e ry  l i t t l e  r e a c t i o n ,  w hich shows 
th e  p ro n o u n ced  e f f e c t  o f  p r e s s u r e  on th e  r e a c t i o n  r a t e .
The f i r s t  o c c u r re n c e  o f  c a rb o n  m onoxide i s  b e tw een  
th e  te m p e ra tu re s  o f  280 and  285°C . As a t  1 5 ,0 0 0  p s i .  th e
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m onoxide c o n te n t  in c r e a s e s  r a p i d l y  w ith  te m p e ra tu re  =. H owever, 
a g a in  th e  c a rb o n  d io x id e  form s a t  a  much lo w e r te m p e ra tu re ,  
b e in g  p r e s e n t  a t  251°C» I t  i n c r e a s e s  s lo w ly , b u t  i t s  form a­
t i o n  a c c e l e r a t e s  r a p i d l y  above 280°C. The c o n c e n t r a t io n  o f  
th e  d io x id e  re m a in s  w e l l  above th e  c o n c e n t r a t io n  o f  th e  m onoxide 
d u r in g  th e  c o u rs e  o f  th e  is o th e r m a l  r e a c t io n s »  F o r th e  a d i a b a t i c  
c a s e s ,  how ever, th e  c a rb o n  d io x id e  c o n c e n t r a t io n  i s  h ig h e r  th a n  
th e  c a rb o n  m onoxide c o n c e n t r a t io n  f o r  th e  weak a d i a b a t i c  c a s e ,  
b u t  lo w er f o r  th e  s t r o n g  a d i a b a t i c  r e a c t i o n .  The a v e ra g e  o f  
th e  sum o f  th e  c a rb o n  d io x id e  and  c a rb o n  m onoxide c o n c e n tr a ­
t i o n s  f o r  th e  a d i a b a t i c  r e a c t i o n s  i s  a lm o s t  e q u a l  t o  th e  
a v e ra g e  o f  th e  sum o f  th e s e  com ponents f o r  th e  i s o th e r m a l  
r e a c t i o n  a t  295°C= The r e s i d u a l  oxygen c o n te n t  o f  a l l  fo u r  
o f  th e  e x p e r im e n ts  i s  a lm o s t  i d e n t i c a l ,  w h ich  i n d i c a t e s  t h a t  
c a rb o n  d io x id e ,  a s  w e ll  a s  c a rb o n  m onoxide i s  made b y  a  c h a in  
r e a c t i o n .  A t lo n g  r e s id e n c e  t im e , a s  o c c u rs  w i th  th e  i s o ­
th e rm a l c o n d i t io n s  a t  h ig h  te m p e r a tu r e s ,  p a r t  o f  th e  m onoxide 
i s  c o n v e r te d  t o  th e  d io x id e . I t  seem s h ig h ly  im p ro b ab le  t h a t  
a t  a low  te m p e ra tu re  su ch  as  270°c, w here no c a rb o n  m onoxide 
i s  found , t h a t  a l l  th e  m onoxide w hich  h ad  form ed c o u ld  have  
b e e n  c o n v e r te d  t o  th e  d io x id e .
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  m e th an o l c o n c e n t r a ­
t i o n  f o r  b o th  th e  a d i a b a t i c  r e a c t i o n s  i s  a lm o s t i d e n t i c a l .
The c o n c e n t r a t io n  o f  m eth an o l f o r  th e  is o th e r m a l  r e a c t i o n  
ev en  a t  295°C i s  v e ry  s m a l l ,  w hich  i n d i c a t e s  t h a t  th e  m e th an o l 
a l s o  i s  made b y  a c h a in  r e a c t i o n .  The la r g e  d i f f e r e n c e  in  
m eth an o l c o n c e n t r a t io n  o b ta in e d  b e tw een  is o th e r m a l  and
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a d i a b a t i c  r e a c t i o n s  a l s o  te n d s  to  show t h a t  m ost o f  th e  
oxygen was consum ed d u r in g  th e  p e r io d  o f  th e  weak a d i a b a t i c  
r e a c t i o n  and l i t t l e  d u r in g  th e  is o th e rm a l  p a r t  o f  th e  r e ­
a c t i o n  t im e .
The e f f e c t  o f  r e a c t i o n  te m p e ra tu re  on r e s id u a l  oxy­
g e n , c a rb o n  m onoxide, c a rb o n  d io x id e  and m eth an o l c o n c e n tr a ­
t i o n s  in  th e  p r o d u c t  i s  shown in  F ig u re  19 . The p r e s s u r e  
l e v e l  was 9 7 ,000  p s i . ,  and th e  r e s id e n c e  tim e  was 34 m in u te s . 
As in  th e  p r e v io u s  two f i g u r e s ,  th e  a lu m in a  h e a t e r  c o re  was 
u s e d . W hereas t h e r e  h ad  b e en  no p ro b lem  w ith  gas  le a k s  
b e lo w  5 0 ,000  p s i . ,  t h e  w ork a t  97 ,000  p s i .  was h a n d ica p p e d  
by  l e a k s .  T h e r e f o r e ,  i t  was p o s s ib l e  o n ly  t o  make a f u l l  
s e t  o f  e x p e r im e n ts  a t  34 m in u te s , i n s t e a d  o f  a t  60 m in u te s  
a s  was th e  c a s e  a t  t h e  lo w er p r e s s u r e s .
The d a ta  o f  F ig u r e  19 show th e  same g e n e r a l  sh ape  
o f  c u rv e  f o r  t h e  co n su m p tio n  o f  oxygen a s  a t  th e  lo w er 
p r e s s u r e s .  One e x p e r im e n t i s  in c lu d e d  i n  w hich  a s t r o n g  
a d i a b a t i c  r e a c t i o n  was o b ta in e d  a t  an a v e ra g e  p r e s s u r e  o f
9 3 ,0 0 0  p s i .  The r e s u l t s  o v e r a l l  a t  9 3 ,0 0 0 -9 7 ,0 0 0  p s i .  
p a r a l l e l  th o s e  o b ta in e d  a t  15 ,000  and 50 ,000  p s i .  The m ost 
im p o r ta n t  p o in t  seem s to  b e  t h a t  ca rb o n  d io x id e  i s  form ed 
a t  a  much lo w e r te m p e ra tu re  th a n  t h a t  a t  w hich  carb o n  
m onoxide i s  fo rm ed . A lso , i t  i s  see n  t h a t  w h ereas  oxygen 
co n su m p tio n  i s  q u i t e  low  a t  295°C, and 15 ,000  p s i . ,  i t  i s  
m o d e ra te ly  h ig h  a t  5 0 ,0 0 0  and a t  97 ,000  p s i .
F ig u re  20 i s  p l o t  o f  th e  r e a c t io n  te m p e ra tu re  and 
th e  c o n c e n t r a t io n s  o f  fo rm ald eh y d e  (HCHO), fo rm ic  a c id
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The E f f e c t  of T e m p e r a t u r e  on C o n c e n t r a t i o n s  at 97,000 psi,. A l u m i n a  Core.
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Figure 20. The E f f e c t  of T e m p e rature on Pr o d u c t  F o r m a t i o n  at 15,000 psi-. A l u m i n a  Core.
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(HCOOH) and m e th y l  fo rm a te  (CH^OOCH) in  th e  p r o d u c t  a t
15 ,000  p s i .  M ethy l fo rm a te  i s  fo rm ed  o n ly  a t  t h e  c o n d i t i o n  
o f  h i g h e s t  t e m p e r a t u r e ,  a t  w hich  t h e  weak a d i a b a t i c  
r e a c t i o n  a p p a r e n t l y  o c c u r r e d .  The c o n c e n t r a t i o n  o f  fo rm ic  
a c i d  i n c r e a s e s  a t  a  s lo w ly  i n c r e a s i n g  r a t e  a s  t e m p e r a tu r e  
i n c r e a s e s  and does n o t  show an u n u s u a l  i n c r e a s e  u n d e r  con­
d i t i o n s  o f  th e  weak a d i a b a t i c  r e a c t i o n .  The c o n c e n t r a t i o n  
o f  fo rm ald eh y d e  i n c r e a s e s  more r a p i d l y  w i th  t e m p e r a tu r e  
t h a n  does t h e  fo rm ic  a c i d .  The d a t a  a r e  somewhat s c a t t e r e d ,  
b u t  t h e r e  i s  no d o u b t  a b o u t  t h e  r e l a t i o n s h i p .  I t  i s  i n t e r ­
e s t i n g  t o  n o te  t h a t  a t  t h e  lo w e r  t e m p e r a t u r e s  t h e  c o n c e n t r a ­
t i o n s  o f  th e  two a r e  a lm o s t  e q u a l .
The e f f e c t  o f  t e m p e r a tu r e  on fo rm a ld e h y d e ,  fo rm ic  
a c i d  and  m e th y l  fo rm a te  c o n c e n t r a t i o n s  a t  5 0 ,0 0 0  p s i .  i s  
shown i n  F ig u r e  21 . A gain  th e  c o n c e n t r a t i o n s  o f  fo r m a ld e ­
hyde and  fo rm ic  a c i d  a r e  a lm o s t  t h e  same a t  t h e  lo w e r  
t e m p e r a t u r e s .  In  t h i s  i n s t a n c e ,  ho w ev er ,  t h e  a c i d  c o n t e n t  
re m a in s  a t  ro u g h ly  th e  same l e v e l  a s  th e  fo rm a ld eh y d e  up 
t o  and  i n c l u d i n g  295°C. I n  f a c t ,  one o f  th e  fo rm ic  a c i d  
v a lu e s  i s  u n e x p e c te d ly  h i g h .  Under a d i a b a t i c  c o n d i t i o n s  
th e  fo rm ald eh y d e  c o n c e n t r a t i o n  i s  s u b s t a n t i a l l y  h i g h e r  
th a n  th e  fo rm ic  a c i d  i n  e a c h  c a s e .  As a t  1 5 ,0 0 0  p s i . ,  
m e th y l  fo rm a te  does  n o t  a p p e a r  a t  295°C, b u t  shows up i n  
th e  a d i a b a t i c  r e a c t i o n s .
A t 9 7 ,0 0 0  p s i .  and  a r e s i d e n c e  t im e  o f  34 m in u te s ,  
t h e  c o n c e n t r a t i o n s  o f  fo rm ald eh y d e  and  fo rm ic  a c i d  a r e
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Fi g u r e  21- The E f f e c t  of T e m p e r a t u r e  oh P r o d u c t  F o r m a t i o n  at 50,000 psi.. A l u m i n a  Core.
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e s s e n t i a l l y  e q u a l  a t  e ac h  o f  th e  te m p e r a tu r e s  w hich  were 
i n v e s t i g a t e d .  As a t  th e  lo w er  p r e s s u r e s ,  t h e  a ld eh y d e  
c o n c e n t r a t i o n  i s  much h i g h e r  when an  a d i a b a t i c  r e a c t i o n  
o c c u r s .  The d a t a  a r e  shown i n  F ig u r e  22 . A lth o u g h  th e  
a c i d  m ig h t be  c o n s id e r e d  r e l a t i v e l y  c o n s t a n t  w i th  te m p e ra ­
t u r e ,  th e  a ld eh y d e  c e r t a i n l y  i s  n o t .  A t 50 ,000  and 97 ,000  
p s i .  t h e  a ld eh y d e  and a c i d  a r e  form ed a t  a b o u t  th e  same 
c o n c e n t r a t i o n s  a s  t e m p e r a tu r e  i n c r e a s e s ,  e x c e p t  when a 
n o n is o th e rm a l  r e a c t i o n  o c c u r s .  A t 15 ,000  p s i . ,  how ever, 
t h e r e  i s  a h i g h e r  a ld eh y d e  c o n c e n t r a t i o n  b e f o r e  t e m p e r a tu r e  
i s  i n c r e a s e d  enough t o  cau se  a  weak a d i a b a t i c  r e a c t i o n .
M ethyl fo rm a te  forms a t  a lo w er  te m p e r a tu r e  a t  9 7 ,000  p s i .  
th a n  i t  does a t  t h e  lo w er  p r e s s u r e  l e v e l s .  However, u n d e r  
a d i a b a t i c  c o n d i t i o n s  th e  m e th y l  fo rm a te  c o n c e n t r a t i o n  i s  
a b o u t  e q u a l  a t  a l l  t h r e e  p r e s s u r e  l e v e l s .
The c o n s t r u c t i o n  o f  th e  h e a t e r  c o r e s  i s  d e s c r i b e d  
i n  C h a p te r  V, EXPERIMENTAL EQUIPMENT. The a lu m in a  c o re  was 
p re fo rm ed  w i th  a  s p i r a l l e d  d e p r e s s i o n ,  and th e  w ire  was 
wound t i g h t l y  on i t .  The o u t s i d e  s u r f a c e  was th e n  c o a te d  
w i th  a lu m in a  d u s t  mixed w i th  w a te r  i n t o  a p a s t e .  When d ry ,  
th e  powder came o f f  a t  t h e  t o u c h .  D uring  o p e r a t i o n  some o f  
th e  d u s t  f e l l  from  th e  c o re  and was b l a s t e d  th ro u g h  th e  l i n e s  
and v a lv e s  i n t o  th e  p r o d u c t  r e c e i v e r s . The d u s t  p ro v e d  t o  
be v e r y  a b r a s i v e ,  and a f t e r  a b o u t  f o u r  e x p e r im e n ts  i t  h ad  
b a d ly  e ro d e d  th e  s tem  and s e a t  o f  th e  r e a c t o r  d i s c h a r g e  v a lv e .  
The v a lv e s  were r e c o n d i t i o n e d  p e r i o d i c a l l y  and r e t u r n e d  t o  
s e r v i c e .  However, th e  r e a c t o r  o u t l e t  h o le  s t a r t e d  t o  e r o d e ,
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The E f f e c t  of T e m p e r a t u r e  oh P r o d u c t  F o r m a t i o n  at 97,000 psi.. A l u m i n a  Core-
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and use of the alumina was discontinued when this condition 
was discovered. The use of fine alumina is not recommended.
I t  i s  now b e l i e v e d  t h a t  t h e  w ire  can  b e  wound s e c u r e l y  on 
t h e  s p i r a l l e d  c o r e ,  and  t h a t  t h e r e  i s  l i t t l e  ch an ce  o f  th e  
w ire  s h o r t i n g  t o  t h e  w a l l  o f  th e  r e a c t o r .
The E f f e c t  o f  T em p era tu re  
(P yrex  H e a te r  Core)
T here  seem ed t o  b e  no change  i n  e x p e r im e n t a l  r e s u l t s  
a f t e r  s u c c e s s i v e  e x p e r im e n t s  u s in g  t h e  a lu m in a  c o re  a t  th e  
same e x p e r im e n t a l  c o n d i t i o n s .  One c o u ld  s a y  t h e r e  a p p e a re d  
t o  be  no w a l l  e f f e c t .  However, t h e r e  was a p ro n o u n c e d  change 
i n  r e s u l t s  a s  s u c c e s s i v e  e x p e r im e n t s  w ere  ru n  u s in g  th e  Py rex  
c o r e .  T h e r e f o r e ,  p l o t s  o f  t h e  d a t a  o b t a i n e d  u s in g  th e  Py rex  
c o re  c o n t a i n  f o r  r e f e r e n c e  th e  l i n e s  o b t a i n e d  from  p l o t t i n g  
th e  d a t a  from t h e  a lu m in a  c o r e .  The r e s u l t s  f o r  t h e  Py rex  
c o re  a t  1 5 ,0 0 0  p s i .  a r e  p l o t t e d  i n  F ig u r e  23 . The consu m p tio n  
o f  oxygen and  t h e  f o r m a t io n  o f  c a r b o n  d io x id e  and  c a rb o n  
monoxide a r e  shown a t  v a r i o u s  t e m p e r a t u r e s .  The r e s u l t s  a t  
270 an d  285°C c o i n c i d e  w i th  th o s e  o b t a i n e d  w i t h  t h e  a lu m in a  
c o r e ,  b u t  a t  295°C i t  was n o t  p o s s i b l e  t o  m a in t a in  an  i s o ­
th e r m a l  r e a c t i o n .  A weak a d i a b a t i c  r e a c t i o n  o c c u r r e d  34 
m in u te s  a f t e r  t h e  e x p e r im e n t  h a d  b e g u n .  An a d i a b a t i c  
r e a c t i o n  d id  n o t  o c c u r  w i th  t h e  a lu m in a  c o re  u n t i l  t h e  
t e m p e r a tu r e  r e a c h e d  310°C. The r e s i d u a l  oxygen i s  down 
t o  a  low  l e v e l  c o n s i s t e n t  w i th  r e s u l t s  from o t h e r  n o n is o th e r m a l  
e x p e r i m e n t s . E le v e n  e x p e r im e n ts  a f t e r  t h e  weak a d i a b a t i c
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r e a c t i o n  w i th  th e  P y rex  c o re  a t  295°C, a  weak a d i a b a t i c  
r e a c t i o n  was o b ta in e d  w hich  i n i t i a t e d  a t  a b o u t  3G5°C. The 
r e s u l t s  a r e  c o n s i s t e n t  w i th  th o s e  from  th e  weak a d i a b a t i c  
r e a c t i o n  o b ta in e d  w i th  t h e  a lu m in a  c o r e .  The e x p e r im e n t  
shown a t  300°C i n  F ig u r e  23 was c o n d u c te d  two ru n s  p r i o r  
t o  th e  a d i a b a t i c  r e a c t i o n .  When com pared t o  oxygen, c a rb o n  
d io x id e  and c a rb o n  monoxide c o n c e n t r a t i o n s  e x p e c te d  f o r  
300°C w i th  a lu m in a ,  t h e  one c o n d u c te d  w i th  t h e  P y rex  c o re  
i s  a l i t t l e  s t r o n g e r .  I t  c o n t a i n s  c a rb o n  monoxide and 
c a rb o n  d io x id e ,  f o r  i n s t a n c e ,  i n  a  l i t t l e  more th a n  th e  
e x p e c te d  c o n c e n t r a t i o n ,  and  a  l i t t l e  l e s s  r e s i d u a l  oxygen 
th a n  e x p e c te d .  On th e  o t h e r  h an d  th e  e x p e r im e n ts  made a t  
305 and  310°C show re d u c e d  a c t i v i t y .  The r e s u l t s ,  th e n ,  
w i th  th e  Pyrex  c o re  a t  1 5 ,0 0 0  p s i .  v a r y  w i th  s u c c e s s i v e  
e x p e r im e n t s .
When th e  a lu m in a  c o re  was removed from  th e  r e a c t o r  
a f t e r  th e  l a s t  ru n  w i th  i t ,  i t  was d i s c o l o r e d  somewhat, 
r u s t y  and  b l a c k ,  b u t  i t  was i n t a c t .  The P y rex  c o r e ,  how­
e v e r ,  was found t o  b e  s h a t t e r e d  when th e  r e a c t o r  was opened
up a f t e r  th e  l a s t  e x p e r im e n t .  The a c t i v i t y  o b t a i n e d  w i th  t h e  
P y rex  c o re  was v e r y  low d u r in g  th e  l a s t  n in e  e x p e r im e n ts  
c o n d u c te d  w i th  i t .  The c o re  i s  b e l i e v e d  t o  have  b ro k e n
a f t e r  E x p e r im en t  155, and  i t  i s  b e l i e v e d  t o  have  c a u s e d
th e  re d u c e d  a c t i v i t y  a t  305 and 310°C shown i n  F ig u r e  23.
The g r e a t l y  i n c r e a s e d  s u r f a c e  a r e a  w ould  be  e x p e c te d  t o  
re d u c e  t h e  r e a c t i o n  r a t e ,  a s  r e p o r t e d  b y  s e v e r a l  i n v e s t i ­
g a t o r s .  A lso  th e  P y rex  s u r f a c e  was p i t t e d ,  i n d i c a t i n g
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d e v i t r i f i c a t i o n o
The c h an g in g  a c t i v i t y  o f  th e  P y rex  c o re  i s  d e m o n s t r a te d  
a g a in  i n  F ig u r e  24, w h ich  shows th e  e f f e c t  o f  r e a c t i o n  te m p e ra ­
t u r e  on r e s i d u a l  oxygen and g a se o u s  p r o d u c t  f o r m a t io n  a t  5 0 ,000  
p s i .  A weak a d i a b a t i c  r e a c t i o n  was o b t a i n e d  a t  284°C soon  
a f t e r  th e  c o re  was p u t  i n .  A few ru n s  l a t e r  a norm al i s o t h e r m a l  
ru n  was made a t  285°C. I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  th e  
c a rb o n  monoxide c o n c e n t r a t i o n s  f o r  th e  weak a d i a b a t i c  and  
i s o t h e r m a l  ru n s  a r e  a lm o s t  e q u a l ,  b u t  t h e  c a rb o n  d io x id e  
c o n c e n t r a t i o n s  a r e  v e r y  d i f f e r e n t .  B o th  ru n s  w ere  made o v e r  
a 50 m in u te  p e r i o d ,  and th e  t e m p e r a tu r e  r i s e  i n  t h e  weak 
a d i a b a t i c  c a s e  o c c u r r e d  t e n  m in u te s  b e f o r e  t h e  end  o f  t h e  
e x p e r im e n t .  T h is  r e s u l t ,  c o u p le d  w i th  r e s u l t s  from  t h e  a lu m in a  
c o r e ,  t e n d  t o  l e n d  f u r t h e r  s u p p o r t  t o  c a rb o n  d io x id e  b e in g  
form ed in d e p e n d e n t ly  o f  c a rb o n  m onoxide.
One o f  t h e  l a s t  e x p e r im e n ts  made was a t  295°C, u s in g  
th e  P y rex  c o r e .  F ig u r e  24 shows t h a t  th e  r e a c t i o n  r a t e  was 
much l e s s  t h a n  o b t a i n e d  e a r l i e r  a t  290°C. I n  f a c t  t h e  d a t a  
a t  295°C a r e  a lm o s t  i d e n t i c a l  t o  th o s e  o b t a i n e d  e a r l i e r  a t  
285°Co T h e r e f o r e ,  i t  i s  c o n c lu d e d  t h a t  t h e  a c t i v i t y  o f  Py rex  
does n o t  s t a b i l i z e .  I t  i s  u n u s u a l l y  h ig h  when f r e s h  and 
d ro p s  p r o g r e s s i v e l y  w i th  u s e .  F u r th e r m o re ,  th e  m e c h a n ic a l  
s t r e n g t h  o f  Py rex  i s  in a d e q u a te  f o r  u se  a t  h ig h  p r e s s u r e .  
C u r io u s ly  enough, t h e  a c t i v i t y  o f  t h e  P y rex  h ad  l i t t l e  
a p p a r e n t  e f f e c t  on t h e  r e s u l t s  o f  s t r o n g  a d i a b a t i c  r e a c t i o n s .
The l a s t  e x p e r im e n t  made i n  t h i s  i n v e s t i g a t i o n  was a s t r o n g  
a d i a b a t i c  r e a c t i o n  a t  5 0 ,000  p s i .  One h a d  b e e n  made 25 ru n s
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Figure 24. The E f f e c t  of A l u m i n a  a n d  P y r e x  Cores at Various T e m p eratures an d  50,000 psi.
104
e a r l i e r  and th e  r e s u l t s  w i th  r e s p e c t  t o  oxygen consu m p tio n  and 
fo r m a t io n  o f  c a rb o n  monoxide p l u s  c a rb o n  d io x id e  were a lm o s t  
i d e n t i c a l .  However, th e  i n d i v i d u a l  amounts o f  th e  monoxide 
and  d io x id e  v a r i e d ,  w hich  was p r o b a b ly  c a u se d  by  i n i t i a t i o n  o f  
th e  a d i a b a t i c  r e a c t i o n  a t  d i f f e r e n t  t e m p e r a t u r e s .  A p p a re n t ly  
once th e  a d i a b a t i c  r e a c t i o n  i s  i n i t i a t e d  a t  h ig h  p r e s s u r e ,  
th e  s u r f a c e  does n o t  have  a  s i g n i f i c a n t  e f f e c t  on th e  r e a c t i o n .
The e f f e c t  o f  r e a c t i o n  te m p e r a tu r e  on t h e  g a seo u s  
com ponents a t  98 ,000  p s i .  i s  shown i n  F ig u r e  25 . The r e s u l t s  
a r e  s i m i l a r  t o  t h o s e  o b t a in e d  a t  5 0 ,000  p s i .  i n  t h a t  th e  
e x p e r im e n t  made a t  295°C n e a r  th e  end  o f  t h e  i n v e s t i g a t i o n  
shows a  r e d u c e d  r a t e  o f  r e a c t i o n .  The r e s u l t s  o f  t h e  a d i a b a t i c  
r e a c t i o n ,  w hich  p eaked  a t  a p r e s s u r e  a ro u n d  125 ,000  p s i . ,  show 
l e s s  r e s i d u a l  oxygen th a n  a t  5 0 ,000  p s i . ,  b u t  t h e  same t o t a l  
amount o f  c a rb o n  monoxide p lu s  c a rb o n  d i o x id e .
F ig u r e s  26, 27 and  28 a r e  p l o t s  o f  th e  e f f e c t  o f  
t e m p e r a tu r e  on th e  fo r m a t io n  o f  o r g a n ic  l i q u i d s  ( e x c e p t  
m e th an o l)  u s in g  th e  P y rex  c o r e .  The l i n e s  a r e  th o s e  o b ta in e d  
u s in g  t h e  a lu m in a  c o r e .  The r e s u l t s  a t  15 ,000  p s i .  c o r r e s p o n d  
f a i r l y  w e l l  w i th  th o s e  o b t a i n e d  u s in g  a lu m in a  e x c e p t  t h a t  con­
c e n t r a t i o n  o f  fo rm aldehyde  and fo rm ic  a c i d  d e c r e a s e s  w i th  
t e m p e r a tu r e  above 300°C. The same d e c r e a s e  o c c u r r e d  w i th  
c a rb o n  monoxide and c a rb o n  d io x id e  and  was a t t r i b u t e d  m o s t ly  
t o  th e  b ro k e n  h e a t e r  c o r e .  A t 50 ,000  p s i . ,  how ever, a h i g h e r  
c o n c e n t r a t i o n  o f  fo rm ald eh y d e  and fo rm ic  a c i d  was made w i th  
t h e  Py rex  c o r e .  The p i c t u r e  i s  c o m p l ic a te d  somewhat b e ­
c a u se  c o n c e n t r a t i o n s  o f  a c e to n e  o f  up t o  2 .9  w t.  p e r c e n t
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i n  t h e  l i q u i d  o c c u r r e d  i n  some e x p e r i m e n t s . Those c o n t a i n i n g  
more th a n  one p e r c e n t  a c e to n e  w ere n o t  in c lu d e d  i n  t h e  p l o t s  
o f  fo rm a ld e h y d e .  R e fe re n c e  to  F ig u r e  27 shows t h a t  n o t  o n ly  
i s  t h e  fo rm ald eh y d e  h i g h ,  b u t  t h e  fo rm ic  a c i d  i s  a l s o ,  and 
i t s  d e t e r m i n a t i o n  i s  n o t  a f f e c t e d  by a c e t o n e . I t  a p p e a r s  
t h a t  a t  5 0 ,0 0 0  p s i . ,  u se  o f  Pyrex  r e s u l t s  i n  g r e a t e r  y i e l d s  
o f  a ld e h y d e  and a c i d  t h a n  does  a lu m in a .  A lth o u g h  t h e r e  a r e  
m eager d a t a ,  t h e  r e s u l t s  a t  9 8 ,0 0 0  p s i .  f o r  fo rm a ld e h y d e ,  
fo rm ic  a c i d  and m e th y l  fo rm a te  a r e  a lm o s t  t h e  same a s  o b t a i n e d  
w i th  a lu m in a .
The e f f e c t  o f  t e m p e r a tu r e  on th e  fo r m a t io n  o f  m e th a n o l  
f o r  t h e  P y rex  c o re  r e l a t i v e  t o  t h e  a lu m in a  c o re  i s  shown in  
F ig u r e  29 a t  t h e  t h r e e  p r e s s u r e  l e v e l s . The r e s u l t s  f o r  th e  
i s o t h e r m a l  c a s e s  ro u g h ly  p a r a l l e l  t h o s e  o b t a i n e d  f o r  t h e  o t h e r  
p r o d u c t s  u s in g  P y re x .  I n c r e a s e d  a c t i v i t y  was o b t a in e d  a t
1 5 ,0 0 0  p s i . ,  f o r  i n s t a n c e ,  soon a f t e r  t h e  Py rex  c o re  was 
i n s t a l l e d .  A f t e r  t h e  Pyrex  c o re  b r o k e ,  r e d u c e d  m e th a n o l  
fo r m a t io n  o c c u r r e d  a s  shown by t h e  d a t a  a t  1 5 ,0 0 0  p s i .  and 
te m p e r a t u r e s  o f  305 and 310®C. More m e th a n o l  i s  made i n  
t h e  a d i a b a t i c  c a s e s  w i th  th e  Pyrex  th a n  w i th  a lu m in a .
The E f f e c t  o f  Time 
(Alumina H e a te r  Core)
F ig u r e  30 shows th e  e f f e c t  o f  r e s i d e n c e  t im e  on th e  
d i s a p p e a r a n c e  o f  oxygen and on th e  fo r m a t io n  o f  c a rb o n  
monoxide and c a rb o n  d i o x i d e .  The p r e s s u r e  l e v e l  was 9 7 ,0 0 0  
p s i . ,  t h e  r e a c t i o n  t e m p e r a tu r e  was 2 9 5 °C and th e  d a t a  w ere
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o b ta in e d  u s in g  th e  a lu m in a  c o r e .  As s t a t e d  i n  EXPERIMENTAL 
PROCEDURE, th e  r e a c t a n t s  were b r o u g h t  t o  w i t h i n  40-50°C  o f  
t h e  p la n n e d  te m p e r a tu r e  o f  o p e r a t i o n  b e f o r e  th e  i n t e r n a l  
h e a t e r  was t u r n e d  on . The h e a t - u p  t im e  was s i x  m in u te s .
F o r  a r e a c t i o n  te m p e r a tu r e  o f  295°C th e  r e a c t a n t s  were  h e l d  
a t  a p p ro x im a te ly  250°C f o r  t h r e e  h o u r s  w h i le  p r e s s u r e  was 
i n c r e a s e d  from a tm o s p h e r ic  t o  9 7 ,0 0 0  p s i .  i n  th e  r e a c t o r .  
R e s u l t s  o f  th e  e x p e r im e n t  c o n d u c te d  a t  255°C and 34 m in . a t  
t h e  same p r e s s u r e  l e v e l  a r e  shown a t  m inus s i x  m in u te s  
r e s id e n c e  t i m e . The e x p e r im e n t  p l o t t e d  a t  z e r o  r e s i d e n c e  
t im e  was one i n  w hich  th e  t e m p e r a tu r e  o f  t h e  r e a c t o r  was 
i n c r e a s e d  from  253 t o  290°C i n  s i x  m in u te s  w h i le  th e  
p r e s s u r e  was m a in ta in e d  a t  98 ,000  p s i .  The r e s u l t s  o f  t h i s  
p ro c e d u re  a r e  t h e  same as  o b ta in e d  when r e a c t i o n  i s  c o n d u c te d  
a t  t h e  same p r e s s u r e  f o r  34 m in u te s  a t  a b o u t  275°C. The 
c a rb o n  d io x id e  c o n c e n t r a t i o n  i s  p r o b a b ly  th e  m ost a c c u r a t e  
i n d i c a t o r  o f  th e  e x t e n t  o f  r e a c t i o n .  By e x t r a p o l a t i n g  t h e  
d io x id e  c u rv e  o f  F ig u r e  30 t o  z e r o  c o n c e n t r a t i o n ,  one f i n d s  
t h a t  th e  h e a t - u p  p e r i o d  i s  e q u i v a l e n t  t o  3 .5  m in . o f  r e a c t i o n  
tim e  a t  t h e  i n d i c a t e d  te m p e r a tu r e  and  p r e s s u r e  o f  295°C and
97 ,000  p s i . ,  r e s p e c t i v e l y .  Thus i t  was p o s s i b l e  t o  f o l lo w  
e s s e n t i a l l y  t h e  f u l l  c o u râ e  o f  t h e  r e a c t i o n  w i th  t im e .
The m ethano l c o n c e n t r a t i o n  i n  t h e  p r o d u c t  i s  v e r y  s m a l l .
The m ost s t r i k i n g  f e a t u r e  o f  F ig u r e  30 i s  t h e  a p p e a r ­
ance  o f  c a rb o n  d io x id e  lo n g  b e f o r e  t h e r e  i s  any  i n d i c a t i o n  o f  
c a rb o n  m onoxide. I n  f a c t ,  i t  i s  o n ly  a t  t h e  l o n g e s t  r e a c t i o n  
t im e  t h a t  any  monoxide was found , a l th o u g h  some form ed
113
som etim e b e tw een  14 and 34 m inu tes^  o f  c o u r s e .  F ig u r e  31 
shows th e  fo r m a t io n  o f  fo rm a ld e h y d e ,  fo rm ic  a c i d ,  and m e th y l  
fo rm a te  r e l a t i v e  t o  t im e .  The c o n c e n t r a t i o n  o f  eac h  o f  t h e s e  
p r o d u c t s  i n c r e a s e s  s lo w ly  and a p p a r e n t l y  l i n e a r l y  w i th  t im e ,  
and  t h e i r  l e v e l s  rem a in  v e r y  s m a l l .
The E f f e c t  o f  Time 
(Pyrex H e a te r  Core)
F ig u r e  32 i s  a  p l o t  showing th e  e f f e c t  o f  t e m p e r a tu r e  
on th e  amount o f  oxygen r e a c t e d  and  on th e  amount o f  CO and 
CO^ form ed a t  5 0 ,000  p s i .  and  290°C. These d a t a  were o b ta in e d  
u s in g  th e  P y rex  c o re  b e f o r e  t h e  c o re  b r o k e .  D ata  a t  295°C 
w ould  have  b e e n  p r e f e r r e d ,  b u t  a n o n i s o th e r m a l  r e a c t i o n  was 
o b t a i n e d  a t  t h i s  t e m p e r a t u r e .  The g e n e r a l  sh ap e  o f  th e  
c u rv e s  i s  th e  same as  o b t a in e d  f o r  t h e  a lu m in a  c o re  a t  th e  
h i g h e r  p r e s s u r e .  However, th e  r a t e  o f  r e a c t i o n  i s  h i g h e r  
i n  th e  l a t t e r  a s  would be  e x p e c te d .  The d a t a  f o r  t h e  form a­
t i o n  o f  fo rm ic  a c i d  and m e th y l  fo rm a te  w i th  t im e  a r e  shown 
i n  F ig u r e  33 . I n s u f f i c i e n t  v a lu e s  were a v a i l a b l e  f o r  
fo rm ald eh y d e  b e c a u s e  o f  th e  h ig h  a c e to n e  c o n t e n t  o f  some 
o f  t h e  p r o d u c t  s a m p le s .  The d a t a  i n  F ig u r e  33 a r e  b a d ly  
s c a t t e r e d  f o r  m e th y l  fo rm a te  and a l l  one can  s a y  i s  t h a t  
some m e th y l  fo rm a te  forms d u r in g  th e  c o u rs e  o f  th e  r e a c t i o n .  
A gain  t h e  a c i d  shows a s lo w  i n c r e a s e  w i th  t im e  a s  found  w i th  
th e  o t h e r  c o r e .
D ata  a t  v a r i o u s  r e a c t i o n  t im e s  w ere a l s o  o b t a in e d  
a t  98 ,000  p s i .  and  285°C w i th  th e  Py rex  c o r e .  However,
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o n ly  t h r e e  r e s i d e n c e  t im e s  w ere  ru n  b e f o r e  th e  l a r g e  change  
i n  a c t i v i t y  o f  th e  s u r f a c e  o c c u r r e d .  T h e r e f o r e ,  t h e  p o i n t s  
f o r  oxygen  and  c a rb o n  d io x id e  a t  t h e s e  c o n d i t i o n s  a r e  p l o t t e d  
i n  F ig u r e  34 a lo n g  w i th  t h e  l i n e s  o b t a i n e d  a t  5 0 ,0 0 0  p s i .  and 
290°C f o r  c o m p a r iso n .  Even th o u g h  th e  p r e s s u r e  i s  much 
h i g h e r ,  t h e  r a t e  o f  r e a c t i o n  i s  lo w er b e c a u s e  o f  th e  h i g h e r  
t e m p e r a t u r e  u se d  a t  5 0 ,0 0 0  p s i .
P r o d u c t  m e th a n o l  c o n c e n t r a t i o n s  a t  v a r i o u s  p r e s s u r e s  
and  t e m p e r a t u r e s  f o r  b o th  c o r e s  a r e  p l o t t e d  i n  F ig u r e  35 
r e l a t i v e  t o  r e s i d e n c e  t i m e . T hese  r e s u l t s  t e n d  t o  show t h a t  
t h e  Py rex  c o re  was more f a v o r a b l e  f o r  t h e  p r o d u c t io n  o f  
m e th a n o l .  D e s p i t e  th e  f a c t  t h a t  t h e  t e m p e r a tu r e  i s  5®C lo w er 
w i t h  t h e  Pyrex  c o re  and  a t  a low er p r e s s u r e  t h a n  w i th  t h e  
a lu m in a  c o r e ,  t h e  m e th a n o l  c o n c e n t r a t i o n  i s  h i g h e r  a t  t h e  
h i g h e r  r e s i d e n c e  t i m e s .
I n  a l l  c a s e s  where  i s o t h e r m a l  r e a c t i o n s  were ru n  t h e  
m e th a n o l  c o n c e n t r a t i o n  was v e r y  s m a l l .  However, u n d e r  c o n d i ­
t i o n s  o f  a d i a b a t i c  r e a c t i o n ,  t h e  a l c o h o l  form ed was v e ry  h ig h  
—  o f  t h e  o r d e r  o f  f i f t y  p e r c e n t  o f  t h e  l i q u i d  w e ig h t  o b t a i n e d .  
The f o r m a t io n  o f  h ig h  c o n c e n t r a t i o n s  o f  m e th a n o l  o n ly  u n d e r  
a d i a b a t i c  c o n d i t i o n s  t e n d s  t o  i n d i c a t e  t h a t  t h e  r e a c t i o n  f o r  
t h e  f o r m a t io n  o f  m e th a n o l  h a s  a h ig h  e n e rg y  o f  r e a c t i o n  and 
t h a t  i t  i s  c e r t a i n l y  form ed v i a  a c h a in  r e a c t i o n .  Thé 
m echanism p ro p o se d  by L o t t  (29) i s  s u p p o r te d  by th e  d a ta  
o b t a i n e d  i n  t h i s  s tu d y :
CH^OO + CH^ CH^OOH + CH^
CH^OOH ----^  CH^O + OH
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CH.Ô + CH^ - ¥  CH^OH + CH^
Por e v e ry  mole o f  m e th an o l made, two m oles  o f  CH^ r a d i c a l s  
a r e  formed, w hich  a c c e l e r a t e s  t o  a  v e r y  r a p i d  c h a in  r e a c t i o n  
by  r e a c t i o n  w i th  oxygen:
CHg + Og —t  i n t e r m e d i a t e  r a d i c a l s  and  p r o d u c t s .
I t  i s  b e l i e v e d  t h a t  t h e  h ig h  p r e s s u r e  a l lo w s  th e  h y d ro p e ro x id e  
t o  form . The e x p e c te d  h ig h  e n e r g y  o f  a c t i v a t i o n  c o u ld  be i n  
th e  r i g h t  ra n g e  f o r  a h y d r o p e r o x id e ,  w h ich  w ould have  a  6E 
o f  a b o u t  -3 7  t o  -40  k c a l . / m o l e  (3 8 ) .  The n a t u r e  o f  t h e  f a s t  
f o r m a t io n  o f  m e th an o l i n d i c a t e s  t h a t  i t  i s  p r o b a b ly  n o t  made 
from a f r e e  r a d i c a l  s p e c i e  fo rm in g  a n o t h e r  p r o d u c t  a t  low 
p r e s s u r e .  The fo r m a t io n  o f  m e th an o l a t  h ig h  p r e s s u r e  may 
c o in c i d e  w i th  th e  fo r m a t io n  o f  m e th y l  f o r m a t e .
R e s id u a l  oxygen c o n c e n t r a t i o n ,  c a r b o n  m onoxide, c a rb o n  
d io x id e  and m e th an o l  c o n c e n t r a t i o n s  o b t a i n e d  f o r  s t r o n g  
a d i a b a t i c  r e a c t i o n s  u s in g  th e  Py rex  c o r e  a r e  shown a t  t h r e e  
p r e s s u r e  l e v e l s  i n  F ig u r e  36 . A t 1 5 ,000  p s i .  t h e  r e s i d u a l  
oxygen was g r e a t e r  th a n  a t  t h e  h ig h  p r e s s u r e s .  The m e th an o l 
c o n c e n t r a t i o n  was lo w er  a t  th e  lo w er  p r e s s u r e .  More m e th an o l  
was a c t u a l l y  made a t  5 0 ,000  p s i .  t h a n  a t  9 8 ,000  p s i .  a l th o u g h  
s l i g h t l y  more oxygen was consumed a t  t h e  h i g h e r  p r e s s u r e .  
Carbon monoxide d e c r e a s e s  w i th  p r e s s u r e  and  c a rb o n  d io x id e  
i n c r e a s e s .  I t  seems t h a t  above 5 0 ,0 0 0  p s i . ,  p r e s s u r e  does 
n o t  have  so  p ro n o u n ced  an  e f f e c t  on th e  r e a c t i o n  a s  b e tw een  
1 5 ,0 0 0  and 5 0 ,000  p s i .
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O ccurrence  o f  A cetone
A cetone  a p p e a re d  i n  t h e  p r o d u c t  a t  s h o r t  r e s id e n c e  
t im e s  and a t  low te m p e ra tu re  and  lo n g  r e s id e n c e  t im e s .  The 
h i g h e s t  c o n c e n t r a t i o n s  o c c u r r e d  when a s m a l l  amount o f  p e t r o l ­
eum n a p h th a  was added  t o  th e  s y n t h e t i c  h y d r a u l i c  o i l .  
C h r o n o lo g ic a l l y ,  th e  n a p h th a  was added  d u r in g  E x p e r im en t 151, 
and  i t  was gone from th e  sy s te m  b y  E x p er im en t 164, when 
f r e s h  s y n t h e t i c  o i l  was added  t o  th e  r e s e r v o i r .  High con­
c e n t r a t i o n s  a p p e a re d  a f t e r  t h i s  i n  E x p er im en ts  165 and 166, 
and  b o t h  t h e s e  e x p e r im e n ts  w ere a t  z e r o  r e s id e n c e  t im e s  
( d e f in e d  e a r l i e r ) . The o t h e r  p o s s i b l e  s o u r c e ,  o t h e r  th a n  
m ethane , f o r  fo r m a t io n  o f  a c e to n e  was th e  t r a c e  o f  e th a n e ,
< 0 . 2 0  mole p e r c e n t ,  which was i n  th e  i n s t r u m e n t  g ra d e  
m e th an e .  R e g a rd le s s  o f  i t s  s o u r c e ,  a c e to n e  o c c u r r e d  e a r l y  
i n  t h e  r e a c t i o n  and  d ropped  i n  c o n c e n t r a t i o n  d u r in g  th e  
c o u r s e  o f  th e  r e a c t i o n .
The g r e a t e s t  c o n c e n t r a t i o n  o f  e th a n e  found i n  th e  
f e e d  g a s  b e f o r e  co m p re ss io n  was 42 x 10 ^ m o le s /m o le - 1 t r .  
o f  f e e d .  T h is  e th a n e  c o n c e n t r a t i o n  a p p a r e n t l y  y i e l d e d  a 
maximum o f  0 .0 4  x 10 ^ m o l e s / m o l e - l t r . o f  a c e to n e  u s in g  th e  
a lu m in a  c o re  and 0 .0 6  x 10 ^ m o l e s / m o l e - l t r .  u s in g  th e  
Pyrex  c o re  b e f o r e  any n a p h th a  was added . S e v e r a l  e x p e r i ­
m ents a f t e r  th e  n a p h th a  was added , th e  h i g h e s t  c o n c e n t r a ­
t i o n  o f  a c e to n e  was 0 .3 5  x 10 ^ m o l e s / m o l e - l t r .  Thus, 
th e  s o u rc e  o f  i n c r e a s e d  a c e to n e  fo rm a t io n  was th e  n a p h th a .  
However, u s u a l l y  no more th a n  a t r a c e  o f  a c e to n e  was found 
when u s in g  th e  a lu m in a  c o r e ,  when th e  f e e d  c o m p o s i t io n  was
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c o n s t a n t  f o r  many s u c c e s s iv e  ex p e r im en tso  I t  i s  c o n c lu d e d  
t h a t  a c e to n e  w hich  was n o t  form ed th ro u g h  o x i d a t i o n  o f  
n a p h th a  was form ed from  e th a n e  i n  th e  f e e d .  Methane o x i d a t i o n  
as  a  s o u rc e  o f  a c e to n e  c a n n o t  be  r u l e d  ou t?  how ever.
The R e a c t io n  R ate  C o n s ta n t  
D a ta  o b ta in e d  w i th  th e  a lu m in a  h e a t e r  c o re  were 
u sed  t o  c a l c u l a t e  th e  r e a c t i o n  r a t e  c o n s t a n t  a t  v a r io u s  
te m p e r a tu r e s  and  t h r e e  p r e s s u r e  l e v e l s  u s in g  th e  i n t e g r a t e d  
form o f  th e  f o l lo w in g  e q u a t i o n ;
d [0 _ ]  „  ' _
W = - 5 ^  = k[CH^] [O g]"
P r e v io u s  i n v e s t i g a t o r s  found  a wide v a r i a t i o n  i n  th e  
o r d e r s  o f  t h e  r e a c t i o n  w i th  r e s p e c t  t o  m ethane and  oxygen.
The v a lu e s  g iv e n  i n  T ab le  2 f o r  m and n a t  th e  lo w e s t  
t e m p e r a tu r e s  a r e  2 ,0  and 0 ,5 , r e s p e c t i v e l y .  V a lues  o f  k 
were c a l c u l a t e d  u s in g  t h e s e  e x p o n e n ts .
S in c e  th e  m ethane c o n c e n t r a t i o n  i s  a lm o s t  c o n s t a n t  
d u r in g  a l l  o f  th e  e x p e r im e n ts  an a v e ra g e  v a lu e  [CK^] was 
u s e d .  T h is  a v e ra g e  v a lu e  a l lo w e d  th e  e q u a t i o n  t o  be 
i n t e g r a t e d ,  w i th  th e  f o l lo w in g  r e s u l t s ,
2 ( [ 0 _ ] J  -  [ 0 , ] * )
k  = -------  t  2 — -
where [Og]^ i s  t h e  i n i t i a l  oxygen c o n c e n t r a t i o n .
R e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  shown p l o t t e d  
i n  F ig u re  37, Only d a ta  t a k e n  u n d e r  i s o th e r m a l  and  weak
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a d i a b a t i c  c o n d i t i o n s  were u s e d .  E x p e r im en ts  i n  w hich  s t r o n g  
a d i a b a t i c  r e a c t i o n s  o c c u r r e d  a r e  n o t  i n c l u d e d  b e c a u s e  i t  was 
n e c e s s a r y  t o  e s t i m a t e  an  a v e ra g e  t e m p e r a tu r e  due t o  th e  r a p i d  
i n c r e a s e  i n  t e m p e r a tu r e  from  a b o u t  305 t o  o v e r  420°C. The 
two l i n e s  drawn on F ig u r e  37 a r e  f o r  1 5 ,0 0 0  and  97 ,000  p s i .  
The p o i n t s  f o r  5 0 ,000  p s i  f a l l  w i t h i n  th e  l i n e s ,  e x c e p t  a t  
h ig h  t e m p e r a t u r e .  The l i n e s  a l s o  con v erg e ,  i n d i c a t i n g  th e  
f i r s t  r e l a t i o n s h i p  assum ed i s  n o t  c o r r e c t .
The d a t a  were n e x t  c o r r e l a t e d  u s in g  an  e x p o n e n t  o f  
z e r o  f o r  oxygen. The r e s u l t s  a r e  p l o t t e d  a s  F ig u r e  38.
Some im provem ent h a s  o c c u r r e d ,  b u t  th e  p o i n t s  a t  50 ,000  
p s i .  a r e  s t i l l  i n  th e  same g ro u p in g  a t  h ig h  t e m p e r a t u r e s  as  
t h o s e  f o r  97 ,000  p s i .  The l i n e  a t  5 0 ,000  p s i .  s t i l l  h a s  
c u r v a t u r e ,  and  th e  l i n e s  f o r  1 5 ,000  and 9 7 ,0 0 0  s t i l l  con ­
v e r g e .
As d i s c u s s e d  p r e v i o u s l y ,  H sieu -C heng  (19) found  
t h a t  t h e  o x i d a t i o n  o f  m ethane i s  z e r o  o r d e r  w i th  r e s p e c t  
t o  oxygen and  m ethane when th e  p a r t i a l  p r e s s u r e  o f  oxygen 
i s  lo w e r  th a n  t h a t  o f  m e th an e . In  a l a t e r  p a p e r  (2 0 ) ,  
H sieu-C heng  and Ruof r e p o r t e d  t h a t  a t  low t e m p e r a t u r e s ,  
416-430°C , th e  r a t e  depends o n ly  on th e  i n i t i a l  p r e s s u r e  
o f  m ethane and oxygen, w i th  m = 2 and  n = 1 .
I t  was f e l t  w o r th w h i le ,  i n  l i g h t  o f  t h e  p a p e r  
c i t e d ,  (1 9 ) ,  and F ig u r e s  30, 32 and  34 t o  c a l c u l a t e  th e  
r a t e  c o n s t a n t  assum ing  th e  r a t e  i s  in d e p e n d e n t  o f  m ethane 
and Oxygen c o n c e n t r a t i o n s . The r e s u l t s  a r e  shown i n  
F ig u r e  39 . The c o r r e l a t i o n  i s  n o t  f u l l y  s a t i s f a c t o r y ,  
b u t  i t  i s  t h e  b e s t  o b t a i n e d  w i th  t h e  p r e s e n t  d a t a .  Ex­
c e p t  f o r  one p o i n t ,  w h ich  was o b t a in e d  from  a n o n is o th e r m a l
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e x p e r im e n ts  t h e  p o i n t s  a t  50 ,000  p s i .  f a l l  w i t h i n  t h e  l i n e s  
d raw n .
In  o r d e r  t o  o b t a i n  a common r a t e  c o n s t a n t  i t  i s  n e c e s ­
s a r y  t o  c o r r e c t  f o r  p r e s s u r e <. C o m p r e s s i b i l i t y  f a c t o r s ,  z ,  and  
a c t i v i t y  c o e f f i c i e n t s ,  y, f o r  m ethane a r e  a v a i l a b l e  up t o
1 5 ,0 0 0  p s i .  from  A . P o l .  P r o j e c t  4 4 ( 1 ) .  C o m p r e s s i b i l i t y  
f a c t o r s  were c a l c u l a t e d  f o r  50 ,000  and  9 7 ,0 0 0  p s i .  from  th e  
p r e s e n t  w ork, and  t h e s e  v a lu e s  i n  t u r n  w ere  u s e d  t o  c a l c u l a t e  
t h e  a c t i v i t y  c o e f f i c i e n t s .
The c a l c u l a t i o n  s t a r t e d  from th e  b a s i c  d e f i n i t i o n  o f  
Lewis f u g a c i t y ,
i n  f  -  i n  ^  VdP
o
w here t h e  s u b s c r i p t  i n d i c a t e s  t h e  s t a n d a r d  s t a t e  o f  one a t ­
m o sp h ere .
f
By d e f i n i t i o n  —  = 1 . 0 .  A t s t a n d a r d  s t a t e  In  f ^  = 0 
' o
The e q u a t i o n  was i n t e g r a t e d  b y  m aking u se  o f  th e  com­
p r e s s i b i l i t y  f a c t o r s ;
p  =
^ V 
dP = % z  -  zRT“
—  J  VdP = dz -  f  M V 
"■o "o ''o V
w here
129
&  ï VdP = z - - ï In |-
°
l n f = z - z  -  z I n  ^  
°
z = t h e  a v e r a g e  z f o r  —>■ P
The c o m p r e s s i b i l i t y  f a c t o r ,  z ,  i s  shown a t  t h e  
a p p r o p r i a t e  v a lu e s  o f  I n  V i n  F ig u r e  40 . The v a l u e s  o f  z 
w ere  d e te r m in e d  from  F ig u r e  39 by  m e a s u r in g  t h e  a r e a s  u n d e r  
t h e  c u rv e  w i th  a  p l a n i m e t e r .
The f o l l o w i n g  v a l u e s  o f  z ,  z and y  f o r  = 4 5 .1 3  
I t r .  w ere  o b t a i n e d  f o r  t h e  t h r e e  p r e s s u r e  l e v e l s  and 550°K 
t e m p e r a t u r e .
TABLE 4
COMPRESSIBILITY FACTORS AND ACTIVITY COEFFICIENTS 
FOR METHANE AT 1 5 ,0 0 0 ,  5 0 ,0 0 0  AND 97 ,000  P S I.
P, p s i . z z y
1 5 ,000 1 .5 7 3 1 .0 4 3 1 .4 8 7
50 ,000 2 .645 1 .1 4 6 5 .5 6 0
97 ,000 4 .2 4 0 1 .2 3 0 37 .2
F or p u rp o s e s  o f  t h i s  c a l c u l a t i o n  t h e  g as  m ix tu r e  was assumed 
t o  b e  m e th an e .  A c tu a l  m ethane  c o n c e n t r a t i o n  was ~92 mole 
p e r c e n t .
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Figure 40. r r e l a t i o n  o f  th e  C o m p r e s s i b i l i t y  F a c t o r  
w i th  Volume a t  V a r io u s  P r e s s u r e s .
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The d a ta  p l o t t e d  i n  F ig u re  39 a r e  shown» c o r r e c t e d
f o r  p r e s s u r e  l e v e l ,  i n  F ig u r e  41 . The p o i n t s  a t  5 0 ,000  p s i .
l i e  above th o s e  a t  1 5 ,000  and 9 7 ,000  p s i .  Of more c o n c e rn
i s  th e  f a c t  t h a t  th e  s lo p e  o f  a  l i n e  f o r  th e  p o i n t s  a t  1 5 ,000
p s i .  i s  much s t e e p e r  th a n  th e  l i n e  shown. The b e s t  l i n e  was
drawn th ro u g h  th e  d a t a .  U sing  a f r e q u e n c y  f a c t o r  o f  10^^ th e
a c t i v a t i o n  e n e rg y  was found t o  b e  - 4 0 .7  k c a l . / m o l e .  The 
13v a lu e  o f  10 f o r  t h e  f r e q u e n c y  f a c t o r  i s  o f  th e  m agn itude  
g iv e n  by  S h te r n  (48) f o r
CH^OOH CHgO + ÔH A = 10^^ -  10^^
and
CHgOO HCHO + ÔH A = 10^^
An i n h i b i t i n g  e f f e c t  o f  m ethane d u r in g  o x i d a t i o n
a ro u n d  550°C was r e p o r t e d  by  Hoare and Walsh (1 7 ) .  I t  was
n e c e s s a r y  t o  u se  a  n e g a t i v e  c o e f f i c i e n t  o f  up t o  -2  f o r
m ethane i n  t h e  r a t e  e q u a t i o n .  I t  was found  t h a t  d a t a  from
th e  p r e s e n t  work c o r r e l a t e d  b e s t  a ssum ing  oxygen i n h i b i t s
and  t h a t  m = 2 and n = - 2 .  The i n t e g r a t e d  form o f  th e  r a t e
e q u a t i o n  was u sed  a s  b e f o r e ,  and th e  r e s u l t s  a r e  p l o t t e d  i n
F ig u re  42. T here  i s  l i t t l e  d i f f e r e n c e  i n  s lo p e s  o f  th e  l i n e s ,
and th e  p o i n t s  make up t h r e e  d i s t i n c t  l i n e s .  The c o r r e l a t i o n
i n  F ig u r e  43 shows th e  r e s u l t s  c o r r e c t e d  f o r  p r e s s u r e  b y  u se
o f  th e  a c t i v i t y  c o e f f i c i e n t s  c a l c u l a t e d  e a r l i e r  e x c e p t  t h a t
In  y  f o r  9 7 ,000  p s i .  was re d u c e d  from 3 .5 1  t o  3 .0  i n  o r d e r
n o t  t o  o v e r c o r r e c t  f o r  p r e s s u r e .  The a c t i v a t i o n  e n e rg y  was
c a l c u l a t e d  t o  b e  - 4 6 .2  k c a l . / m o l e  u s in g  a f r e q u e n c y  f a c t o r  
13o f  10 . The d a t a  now make up one s e t ,  and o n ly  two p o i n t s
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Figure 42. correlation of the Reaction Rate Constant
with Temperature for m  = 2, n = -2.
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a r e  v e r y  f a r  o f f  th e  l i n e .  D epending  on t h e  e q u a t i o n  u se d ,  
d a t a  from t h i s  work l e d  t o  an  a c t i v a t i o n  e n e r g y  o f  -40  t o  
-45  k c a l . / m o l e .
I t  i s  n o t  s u r p r i s i n g  t h a t  a  s i n g l e  d i f f e r e n t i a l  
e q u a t i o n  w i l l  n o t  a d e q u a te ly  c o r r e l a t e  t h e  d a t a .  T here  i s  
a p ron o u n ced  s u r f a c e  e f f e c t  i n  t h e  o x i d a t i o n  o f  m ethane , and 
many c o n c u r r e n t  and c o n s e c u t iv e  r e a c t i o n s  a r e  b e l i e v e d  t o  
o c c u r .  In  a d d i t i o n ,  a t  l e a s t  two o f  t h e s e  r e a c t i o n s  a r e  
assum ed t o  be c h a in  r e a c t i o n s .
P ro p o se d  Mechanism 
R e s u l t s  o f  t h i s  work show t h a t  t h e  fo rm aldehyde  con ­
c e n t r a t i o n  i n c r e a s e s  w i th  r e s id e n c e  t im e ,  and  t h e r e  i s  no 
i n d i c a t i o n  o f  a c o n s t a n t  o r  d e c r e a s i n g  c o m p o s i t io n .  T h e re ­
f o r e ,  fo rm aldehyde  i s  n o t  b e l i e v e d  t o  be a  k e y  i n t e r m e d i a t e  
i n  t h e  p a r t i a l  o x i d a t i o n  o f  m ethane a t  h ig h  p r e s s u r e .
In  o x i d a t i o n s  a t  low p r e s s u r e  c a rb o n  monoxide a p p e a rs  
i n  h i g h e r  c o n c e n t r a t i o n  th a n  c a rb o n  d io x id e  e a r l y  i n  th e  
r e a c t i o n .  A t h ig h  p r e s s u r e ,  how ever, t h e  o p p o s i t e  i s  t r u e .
The i n i t i a l  p r o d u c ts  i n  h ig h  c o n c e n t r a t i o n  a r e  c a rb o n  d io x id e  
and w a te r .  Those p r o d u c t s  p r e s e n t  i n i t i a l l y  i n  s m a l l  q u a n t i t i e s  
a r e  fo rm a ld eh y d e ,  fo rm ic  a c i d ,  m e th a n o l ,  m e th y l  fo rm a te  and 
a c e to n e .  A t 97 ,000  p s i . ,  a f t e r  an i n d u c t i o n  t im e  o f  > 14 
m in u te s ,  c a rb o n  monoxide a p p e a r s ,  and  t h e r e  i s  an  i n c r e a s e  
i n  th e  COiCOg r a t i o .  L o t t  (29) and  N e w i t t  and  H a f fn e r  (39) 
r e p o r t e d  a r a t i o  o f  CO:CO^ o f  < 1 .0  i n i t i a l l y ,  and  th e  
r a t i o  i n c r e a s e d  w i th  t im e .
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Thus, th e  a p p e a ra n c e  o f  m e th an o l a t  h ig h  p r e s s u r e  
i s  n o t  th e  o n ly  d i f f e r e n c e  b e tw een  o p e r a t i o n  a t  low and 
h ig h  p r e s s u r e .  The e a r l y  fo r m a t io n  o f  c a r b o n  d io x id e  a t  
a  r a p i d  r a t e ,  and th e  fo r m a t io n  o f  fo rm ic  a c i d  and m e th y l  
fo rm a te  m ust b e  e x p l a i n e d .  One c o n c lu d e s  t h a t  t h e  r e a c t i o n s  
w hich  a r e  c o n t r o l l i n g  a t  low P r e s s u r e  a r e  n o t  th o s e  w hich  
c o n t r o l  t h e  mechanism a t  h ig h  p r e s s u r e . The r e a c t i o n s  
c o n t r o l l i n g  th e  mechanism a l s o  change  w i th  t e m p e r a t u r e .
P o r  i n s t a n c e  a d i f f e r e n c e  i n  p r o d u c t  d i s t r i b u t i o n  was 
found  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  Between 250 and  285°C, 
th e  m ain  p r o d u c t s  a r e  c a rb o n  d io x id e  and w a t e r .  Between 
285 an d  300°C th e y  a r e  t h e s e  p r o d u c t s  p lu s  t h e  m onoxide.
Above 305°C a t  p r e s s u r e s  o f  5 0 ,000  p s i .  and  h i g h e r ,  when 
an a d i a b a t i c  r e a c t i o n  o c c u r s ,  m e th an o l m ust b e  i n c lu d e d
as  a  m ain  p r o d u c t .  The m in o r p r o d u c t s  a l s o  i n c r e a s e  i n
c o n c e n t r a t i o n  w i th  t e m p e r a t u r e ,  b u t  i n  m ost c a s e s  m e th y l 
fo rm a te  i n c r e a s e s  more th a n  th e  o t h e r s .
I t  i s  b e l i e v e d  t h a t  a g e n e r a l  m echanism m ust p ro v id e  
f o r  t h e  p r o d u c t  d i s t r i b u t i o n s  i n  e ac h  o f  t h e  t h r e e  te m p e r a tu r e  
r a n g e s .  T r a n s i t i o n  from one ra n g e  t o  th e  o t h e r  m ust a l s o  be 
p r o v id e d  f o r .  The f o l l o w in g  r e a c t i o n s  a r e  b e l i e v e d  t o  p r e ­
d o m in a te  from  250-285°C a t  50 ,000  p s i .  and above :
0 . ^  CH  ^ + HÔg
1 . CB^ + Og w a l l  ^ . OOCH^
2 . w a l l  j'OOCH^ + Og - f  CO^ + H^O + OH
3. CH+ CH. *+ H ,0  + CH-
9
4 .  w a l l  j'OOCHg + 0 HCOOH + OH
137
Q Oo
5 . HCOOH HCO + OH
P P o
6 . HCO + CH^ - 4  HCOH + CH^
7. w a l l  ^«OOCH^ CH^OO ( in  s o l u t i o n )  
8o CHgOO HCHO + OH
where
w a l l  I 'OOCHg i s  a f r e e  r a d i c a l  com plexed a t  th e  w a l l .
T e rm in a t io n  r e a c t i o n s  o c c u r ,  b u t  a l l  o f  them a r e  g iv e n  
l a t e r  a f t e r  t h e  o t h e r  c h a in  r e a c t i o n s  hav e  b e en  l i s t e d .  Be­
tw een  250 and 285°C, s m a l l  amounts o f  m e th an o l and m e thy l 
fo rm a te  a r e  a l s o  made, b u t  t h e  e n e r g i e s  o f  a c t i v a t i o n  a r e  to o  
h ig h  f o r  t h e s e  r e a c t i o n s  f o r  much p r o d u c t  t o  be made v i a  th e  
m ain  c h a in  mechanism w hich  a c c o u n ts  f o r  h ig h  c o n c e n t r a t i o n s  o f  
m e th a n o l .
Between 285-300°C , t h e  r e a c t i o n s  g iv e n  p r e v i o u s l y ,  
p lu s  t h e  f o l l o w i n g  a r e  m ost im p o r ta n t :
9. HOg + HCHO HgOg + HCÔ
10. HCO + Og - 4  CO + HOg
I t  i s  a t  t h i s  t e m p e r a tu r e  l e v e l  t h a t  a p p r e c i a b l e
amounts o f  CH^OO ( s o lu b l e )  a p p e a r  and  a r e  c o n v e r t e d  t o
fo rm a ld e h y d e ,  w hich  i n  t u r n  i s  c o n v e r t e d  t o  c a rb o n  m onoxide. 
T h is  subm echanism  i s  a  c h a in  r e a c t i o n ,  o f  c o u r s e .
Above 300°C th e  r e a c t i o n  r a t e  i s  r a p i d  and a d i a b a t i c  
r e a c t i o n s  u s u a l l y  o c c u r  a t  a b o u t  305°C. A t t h i s  te m p e r a tu r e  
l e v e l ,  m e th an o l i s  now form ed i n  l a r g e  am ounts , a lo n g  w i th  
p r e v io u s  p r o d u c t s  :
11 . CH3 OÔ + CH^ CH3 OOH + CH^
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1 2 o CH^OOH CHgÔ + OH
13. CH^Ô + CH^ ->  CH^OH + CH^
Due t o  t h e  r e l a t i v e l y  h ig h  e n e rg y  o f  a c t i v a t i o n ,  
th e  c h a in  r e a c t i o n  fo rm ing  m e th an o l i s  v e r y  r a p i d .  A 
l a r g e  amount o f  h e a t  i s  r e l e a s e d ,  and i t  i s  n o t  p o s s i b l e  
to  c o n d u c t  an  i s o t h e r m a l  r e a c t i o n  a t  t h i s  t e m p e r a tu r e  l e v e l .
The t e r m i n a t i o n  r e a c t i o n s  can  now be  in c lu d e d :
14 . CHgO + HCO CH^OOCH
15. CH  ^ + ÔH CHgOH
w a l l
16 . HOg - y  t e r m i n a t i o n
o w a l l
17 . CHgOO t e r m i n a t i o n
w a l l
18 . 2 HyOg 2H2 O + O2
A cetone  i s  n o t  i n c lu d e d  b e c a u s e  i t  may n o t  be  formed 
th ro u g h  o x i d a t i o n  o f  m eth an e . The r a t i o  o f  m e th an o l  t o  m e th y l  
fo rm a te  i n  th e  p r o d u c t  i s  a b o u t  100 t o  on e .  I f  t h e  c h a in
l e n g th  were 100, a l l  t h e  m ethy l fo rm a te  made w ould  come
th ro u g h  r e a c t i o n  14 . B im o le c u la r  t e r m i n a t i o n s  p ro b a b ly  l e a d  
t o  v e r y  s m a l l  amounts o f  compounds n o t  i d e n t i f i e d .
R e a c t io n s  a t  h ig h  p r e s s u r e  a r e  c h a r a c t e r i z e d  by  
h i g h e r  r a t e s  th a n  a t  low p r e s s u r e  o r  b y  a ch ie v e m en t  o f  th e  
same r a t e  a t  a low er t e m p e r a t u r e .  One w ould e x p e c t  a  change 
i n  p r o d u c t  d i s t r i b u t i o n  a t  low er te m p e r a tu r e  b e c a u s e  many 
r e a c t i o n s  a r e  in v o lv e d  h a v in g  d i f f e r e n t  e n e r g i e s  o f  a c t i v a ­
t i o n .  High p r e s s u r e  a l s o  f a v o r s  a  r e d u c t i o n  i n  volume o f  
th e  sy s te m , and a p p a r e n t l y  p e r o x id e s  o r  h y d ro p e ro x id e s  a re
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able to form even though the temperature is relatively high 
for their formation. High pressure reduces the rate of 
diffusion of the components. Therefore bimolecular terminations 
are favored over surface unimolecular reactions.
The main feature of the general mechanism is that a 
logical reason for the induction time encountered at high 
pressure and at low pressure and high temperature is advanced.
As they are formed, CH^OÔ radicals are complexed or trapped 
by any surface, with the oxygen end of the radical held 
nearest the surface. At high pressure, the methyl end is 
capable of being attacked by oxygen, forming a highly 
unstable oxygen-rich radical, which decomposes immediately 
forming carbon dioxide and water. A small fraction of the 
large radicals form performic acid. Except for a small 
equilibrium number of CH^OÔ radicals which enter solution, 
most of the CH^OÔ radicals are held at the surface until 
the surface is covered. It is probably necessary for the 
surface to be neutralized electrically by the paramagnetic 
nature of the free radical. Oxygen is probably concentrated 
at the surface for the same reason— it is paramagnetic.
When the surface is saturated, the large number of CH^OO 
radicals become available for formation of formaldehyde 
and large amounts of methanol if the temperature is high 
enough.
It is an interesting point, that the result of a 
strong adiabatic reaction at high pressure does not seem 
to be influenced by the surface area. A large surface area,
140
o c c u r r i n g  b e c a u s e  o f  a b ro k e n  h e a t e r  c o re  f o r  i n s t a n c e ,  
r e q u i r e d  a  h ig h  t e m p e r a tu r e  t o  i n i t i a t e  a  runaw ay r e a c t i o n .
The end  r e s u l t  i n  peak  te m p e r a tu r e  and  p r o d u c t  d i s t r i b u t i o n  
was e s s e n t i a l l y  th e  same as  t h a t  o f  a  r e a c t i o n  i n i t i a t e d  a t  
lo w e r  t e m p e r a t u r e ,  how ever.
A t h ig h  t e m p e r a tu r e  and  low  p r e s s u r e  t h e  CH^OO 
r a d i c a l s  h e l d  a t  th e  w a l l  a r e  n o t  a b l e  t o  r e a c t  w i th  oxygen . 
C o n se q u e n t ly ,  v e r y  l i t t l e  c a rb o n  d io x id e  i s  made e a r l y  i n  t h e  
r e a c t i o n .  A f t e r  th e  w a l l  s a t u r a t e s  w i th  t h e s e  r a d i c a l s ,  t h e y  
become a v a i l a b l e  f o r  fo r m a t io n  o f  fo rm ald eh y d e  and c a rb o n  
m onoxide . The f i n d i n g s  o f  Hoare and  cow orkers  (3 ) ,  g i v i n g  
th e  r e l a t i v e  a f f i n i t i e s  o f  ÔH and  HÔ^ r a d i c a l s  f o r  CH^, 
c a rb o n  monoxide and  HCHO a r e  s i g n i f i c a n t .  The HO^ r a d i c a l s  
p r e f e r e n t i a l l y  r e a c t  w i th  fo rm ald eh y d e  o v e r  c a rb o n  monoxide 
i n  a  r a t i o  o f  3 4 0 :1 .  T h e r e f o r e  th e  c h a in  r e a c t i o n  n eed ed  
f o r  f o r m a t io n  o f  th e  monoxide i s  v e r y  f a v o r a b l e  ( r e a c t i o n s  
9 and  1 0 ) .
A t low p r e s s u r e  th e  f o r m a t io n  o f  me th y Ih y d r o p e  r o x i  de 
i s  n o t  f a v o r e d  and  c o n s e q u e n t ly  v i r t u a l l y  no m e th an o l i s  made. 
The h ig h  te m p e r a t u r e s  u s e d ,  o f  c o u r s e ,  a l s o  work a g a i n s t  
p e r o x id e  f o r m a t i o n .  P h o t o - i n i a t i o n  a t  low te m p e r a tu r e  and  
p r e s s u r e  r e s u l t s  i n  a  s m a l l  amount o f  m e th an o l b e in g  made.
The h y d ro p e ro x id e  can  form and  th e n  decompose s lo w ly  a t  th e  
low t e m p e r a t u r e .
The r e s u l t s  a t  1 5 ,000  p s i . ,  a s  m ig h t  b e  e x p e c te d ,  
a r e  a b o u t  midway b e tw een  th o s e  o b t a i n e d  a t  a tm o s p h e r ic  
p r e s s u r e  and  th o s e  o b t a in e d  above 5 0 ,000  p s i .  A d ia b a t i c
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r e a c t i o n s  i n i t i a t e  a t  a  h i g h e r  t e m p e r a tu r e  and l e s s  m e thano l 
i s  made.
Below 285°C, where th e  main p r o d u c t s  a r e  c a rb o n  
d io x id e  and w a te r ,  t h e  p ro p o se d  mechanism p r o v id e s  a HgOzCOg 
r a t i o  o f  s l i g h t l y  o v e r  2 .0 .  The a v e ra g e  v a lu e  o f  t h i s  r a t i o  
e s t i m a t e d  from th e  d a t a  i s  3 .1 .  Between 285 and 300°C th e  
m ain  p r o d u c t s  a r e  w a te r ,  c a rb o n  d io x id e  and c a rb o n  m onoxide. 
The f o r m a t io n  o f  t h e  monoxide l e a d s  t o  one mole o f  w a te r  
th ro u g h  th e  ÔH r a d i c a l  formed w i th  fo rm a ld e h y d e .  I f  a l l  th e  
h y d ro g en  p e r o x id e  i s  c o n v e r t e d  a t  th e  w a l l  t o  w a te r ,  th e n  
t h e  o v e r a l l  r a t i o  o f  HgO:(COg + CO + CH^OH) would be  2 .0 .
The a v e ra g e  o f  e x p e r im e n ts  c a r r i e d  o u t  i n  t h i s  t e m p e r a tu r e  
ran g e  was 1 .9 8 .
When runaw ay r e a c t i o n s  o c c u r r e d ,  t h e  a v e ra g e  r a t i o  
o f  w a te r  t o  (COg + CO + CH^OH) was 1 .2 6 .  The d ro p  i n  r a t i o  
from 1 .9 8  t o  1 ,2 6  a s  t e m p e r a tu r e  i n c r e a s e s  r e f l e c t s  th e  
l a r g e  amount o f  m e th an o l  formed u n d e r  a d i a b a t i c  c o n d i t i o n s . 
Only one mole o f  w a te r  i s  made f o r  each  mole o f  m e thano l 
a c c o r d in g  t o  t h e  mechanism.
An e f f e c t  o f  p r e s s u r e  on th e  r a t i o  o f  w a te r  to  
(COg + CO + CHgOH) was found . The v a lu e s  a r e  shown i n  
t h e  f o l l o w i n g  t a b l e :
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TABLE 5
THE EFFECT OF TEMPERATURE AND PRESSURE
H^O
ON THE RATIO CO2 + CO + CHgOH
P r e s s u r e T e m p e ra tu re s ,  °C
P s i . 250-280 285-300 o v e r  300
15 ,000 --- 2 .2 1 .4
5 0 ,000 3 .4 1 .9 8 1 .2 2
9 7 -9 8 ,0 0 0 2 .8 1 .8 8 1 .1 7
The e f f e c t  o f  p r e s s u r e  on t h e  r a t i o  i s  l e s s  p r o ­
nounced  th a n  t h e  e f f e c t  o f  t e m p e r a t u r e .  At h ig h  p r e s s u r e  
more m ethano l i s  made th a n  a t  low p r e s s u r e ,  and t h e r e f o r e  
l e s s  w a te r  i s  made a t  t h e  h ig h  p r e s s u r e .  T h is  r e s u l t  
a c c o u n ts  a t  l e a s t  i n  p a r t  f o r  t h e  lo w er  r a t i o .  In  th e  
t e m p e r a tu r e  ra n g e  250-280°C v e ry  l i t t l e  r e a c t i o n  o c c u r s ,  
and c o n s e q u e n t ly ,  t h e r e  i s  n o t  much l i q u i d  o r  gas  p r o d u c t  
t o  m easu re .  The v a lu e s  a t  t h e  h i g h e r  t e m p e r a t u r e s  a r e  
t h e r e f o r e  more a c c u r a t e .
The d a t a  o f  F ig u r e  1 show t h a t  t h e  r a t i o  H20:C02 + 
CO i s  a b o u t  1 .9  a t  235 mm. Hg. p r e s s u r e ,  472°C te m p era ­
t u r e ,  and r e s i d e n c e  t im e  o f  16 m in u te s .  At 30 m in u te s  t h e  
r a t i o  i s  2 .0 ,  w h ich  i s  e x p e c te d  from th e  s t o i c h i o m e t r i c  
r e a c t i o n  f o r  t h e  fo r m a t io n  o f  w a te r  and c a rb o n  d io x id e .  
Thus, r e s u l t s  a t  low p r e s s u r e  c o r r e s p o n d  t o  r e s u l t s  a t  
h ig h  p r e s s u r e  i n  t h e  t e m p e r a tu r e  r a n g e  285-300°C where 
l i t t l e  m ethano l o r  o t h e r  o r g a n ic  o x y g e n a te d  compounds a r e
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made. U n f o r t u n a t e ly ,  N e w i t t  and H a f f n e r  p a r t l y  f i l l e d  t h e  
p r o d u c t  r e c e i v e r  w i th  w a te r  b e f o r e  an e x p e r im e n t ,  and no 
d a t a  on w a te r  a r e  p r e s e n t e d  w i th  w hich  t o  make a co m parison . 
The mechanism p ro p o s e d  a p p e a rs  t o  p r o v id e  f o r  t h e  
f i n d i n g s  a t  a l l  p r e s s u r e s  i n v e s t i g a t e d ,  and o v e r  t h e  tem ­
p e r a t u r e  ra n g e  250 t o  a t  l e a s t  500°C.
CHAPTER IX
CONCLUSIONS
1 . Alumina h a s  l i t t l e  o r  no s u r f a c e  e f f e c t  d u r in g  
t h e  p a r t i a l  o x i d a t i o n  o f  m ethane  a t  h ig h  p r e s s u r e .  S u r f a c e  
e f f e c t  i s  d e f in e d  a s  a  change  i n  t h e  oxygen consumed and 
t h e  p r o d u c t  d i s t r i b u t i o n  o b t a i n e d  from  a g iv e n  s e t  o f  ex ­
p e r i m e n t a l  c o n d i t i o n s  i n  s u c c e s s i v e  e x p e r im e n t s .
2 . The u se  o f  a lu m in a  powder o r  cem ent s h o u ld  n o t  
b e  u sed  i n  a  r e a c t o r  a t  h ig h  p r e s s u r e .  H ard , f u s e d  a lu m in a  
i s  s a t i s f a c t o r y .
3 . P y rex  i s  n o t  a s a t i s f a c t o r y  m a t e r i a l  f o r  u s e  
i n  h ig h  p r e s s u r e  r e a c t o r s  d u r in g  t h e  p a r t i a l  o x i d a t i o n  o f  
m e th an e .  T h e re  i s  some s u r f a c e  e f f e c t ,  v i s i b l e  d e v i t r i f i ­
c a t i o n  o f  t h e  P y rex , and i t  i s  m e c h a n ic a l ly  w eak.
4 .  I t  was t h e o r i z e d  t h a t  c a rb o n  d i o x i d e  i s  made 
a t  h ig h  p r e s s u r e  b y  t h e  f o l l o w i n g  c h a in  p r o c e s s  d u r in g  
t h e  p a r t i a l  o x i d a t i o n  o f  m e th a n e :
CH^ + Og —i  w a l l  j'OOCHg
W all j'OOCH^ + Og - 4  COg + H^O +
OH + CH^ —^  HgO + CH^
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So An in d u c t io n  t im e  o c c u r s  f o r  t h e  f o r m a t io n  o f  
c a rb o n  m onoxide, b u t  n o t  f o r  t h e  o t h e r  p r o d u c t s ,
5o The d a t a  c o n f i rm  t h e  p ro p o se d  c h a in  mechanism 
o f  L o t t  f o r  t h e  fo r m a t io n  o f  m e th a n o l ,
7o Below 285°C and a t  p r e s s u r e  o f  50 ,000  p s i .  o r  
h i g h e r ,  t h e  p r o d u c t s  o f  t h e  r e a c t i o n  a r e  ca rb o n  d i o x id e ,  
w a te r ,  m e th a n o l ,  fo rm a ld eh y d e , fo rm ic  a c i d  and m ethy l 
fo rm a te ,
8 , Above 285°C and a t  50 ,000  p s i ,  o r  h i g h e r  p r e s ­
s u r e ,  c a rb o n  monoxide i s  a l s o  a p r o d u c t  o f  t h e  o x i d a t i o n .  
Carbon monoxide a p p e a rs  above 295°C a t  15 ,000  p s i ,
9 . As p r e s s u r e  i n c r e a s e s  above 15 ,000  p s i , ,  t h e  
t e m p e r a tu r e  r e q u i r e d  f o r  s t r o n g  a d i a b a t i c  r e a c t i o n  d e ­
c r e a s e s .  I t  i s  a b o u t  312°C a t  15 ,000  p s i ,  and 305°C a t  
5 0 ,0 0 0 -9 7 ,0 0 0  p s i .  f o r  c o n s t a n t  s u r f a c e  e f f e c t ,
10 , The e f f e c t  o f  p r e s s u r e  on t h e  r e a c t i o n  r a t e  
and p r o d u c t  d i s t r i b u t i o n  i s  l e s s  b e tw een  50 ,000  and 100,000  
p s i ,  th a n  b e tw een  15 ,000  and 50 ,000  p s i .  (The h i g h e s t  con­
c e n t r a t i o n  o f  m e thano l on a mole p e r  mole o f  f e e d  p e r  I t r ,  
b a s i s  was made d u r in g  a s t r o n g  a d i a b a t i c  r e a c t i o n  a t  i n i ­
t i a l  p r e s s u r e  o f  50 ,000  p s i , ) ,
11 . I n  t h e  d i f f e r e n t i a l  e q u a t io n ,
-  = k[cii ]” [O jf
d t  4 ^
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w i th  m = 2, t h e  c o e f f i c i e n t  n m ust b e  -2  i n  t h e  p r e s s u r e  
r a n g e  1 5 ,0 0 0 -9 7 ,0 0 0  p s i .  t o  c o r r e l a t e  t h e  d a t a .
12. The o v e r a l l  e n e rg y  o f  a c t i v a t i o n  f o r  t h e  o x i ­
d a t i o n  o f  m ethane  a t  h ig h  p r e s s u r e  i s  40 -46  k c a l . / m o l e  u s in g
13a f r e q u e n c y  f a c t o r  o f  10
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NOMENCLATURE
= k i n e t i c  c o e f f i c i e n t ,  k ^ [X j]
= f r e q u e n c y  f a c t o r  (A rrh en iu s  e q u a t io n )  
d = d ia m e te r
E = e n e r g y  o f  a c t i v a t i o n
f  = f u g a c i t y
g^ = r a t e  c o n s t a n t  o f  t e r m i n a t i o n  o f  a c t i v e  c e n t e r s
k = o v e r a l l  r e a c t i o n  r a t e  c o n s t a n t
k^ = r e a c t i o n  r a t e  c o n s t a n t
m = o r d e r  o f  r e a c t i o n  w i th  r e s p e c t  t o  m ethane
M = any  t h i r d  body  i n  a  r e a c t i o n
= c o n c e n t r a t i o n  o f  a l l  m o le c u le st
n = o r d e r  o f  r e a c t i o n  w i th  r e s p e c t  t o  oxygen
n^ = number o f  a c t i v e  c e n t e r s  a t  any  t im e
P = t o t a l  p r e s s u r e
= s t a n d a r d  p r e s s u r e ,  one atm .
P^ = p r o d u c t  o f  r e a c t i o n  
R = u n i v e r s a l  gas  c o n s t a n t  
S = s t a t e  o f  a c t i v a t i o n  o f  s u r f a c e
t  = t im e
T = t e m p e r a tu r e
V = r e a c t o r  volume
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V = s t a n d a r d  v o lum e, one a tm .
w = o v e r a l l  r a t e  o f  r e a c t i o n
Wq = r a t e  o f  i n i t i a t i o n  o f  a c t i v e  c e n t e r s
= r a t e  o f  f r e e  r a d i c a l  r e a c t i o n ,  i ^ o  
X = i n t e r m e d i a t e  ( u n s p e c i f i e d )
"  r e a c t a n t  i n  r e a c t i o n  
= f r e e  r a d i c a l  i n  r e a c t i o n  
z = c o m p r e s s i b i l i t y  f a c t o r
Zq = c o m p r e s s i b i l i t y  f a c t o r  a t  s t a n d a r d  s t a t e
[ ] = c o n c e n t r a t i o n
[ 1. = i n i t i a l  c o n c e n t r a t i o n1
¥  = b a r  d e n o te s  a v e ra g e
Greek
V -  c h a in  l e n g t h
A = d i f f e r e n c e
r  = i n d u c t i o n  t im e
V  = a c t i v i t y  c o e f f i c i e n t
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APPENDIX A
SUMMARY OF EXPERIMENTAL RESULTS
TABLE 6 . 
EXPERIMENTAL RESULTS 
ALUMINA HEATER CORE
Experim ent
No. P re s s u re
Tempera­
t u r e
*^0
R e s i­
dence
Feed. L io u id  P ro d u c ts , am. Gas P ro d u c ts .
° 2 CH4 HCHO HCOOH CH3 OH A cetone MF * 2 * ° 2
CO CO2
132 15,400 270 60 2 0 . 0 1 105.5 .0064 .0054 .1584 0 0 2.877 19.96 0 .1638 104 .0
126 14,600 285 60 18.63 98 .2 .0143 .0094 .1909 T ra c e T race 3.890 17.65 0 .9393 97.32
130 16,000 295 60 19 .54 103 .0 .0127 .0099 .0496 0 0 5 .4 34 17.85 0 .9930 1 0 2 . 2
128 15,000 305 60 1 8 .54 9 7 .69 .0297 .0141 .4416 0 T race 6 .937 8.362 2.066 4 .3 31 94.61
131* 15,000 310 60 18.38 96.86 .0236 .0177 2 .193 0 .0481 6 .152 3.745 3.626 — 92.32
116 47,200 251 60 28.69 164 .3 .0013 .0059 . 0 1 1 1 .0059 0 .9827 30.05 0 .0390 162 .1
119 50,000 255 60 31.38 178.5 .0066 .0031 .0478 .0062 1 .162 30.67 0 .5919 177.2
1 2 1 49,100 270 60 30.14 171 .4 .0056 .0045 ,0195 0 1 .2 69 29.03 0 .8114 170.2
136 50,300 270 60 32.29 170.2 . 0 0 1 0 .0024 0 0 0 .9996 29.79 0 .8773 170.5
1 2 2 51,200 280 60 30.63 174.2 .0056 .0035 .0281 0 0 1 .568 28.80 0 1 .359 173.02
129 50,400 285 60 32.24 169 .9 .0215 .0086 .2393 T race 5 . 8 6 6 2 2 . 8 6 1.589 4 .7 66 166 .6
127 48,900 295 60 31.41 165.5 . 0 2 0 2 .0329 .6810 T race 6 .7 50 3 .183 2.725 1 5 .44 158.6
137 49,200 295 60 31.74 167.2 .0168 .1132 .7806 0 T race 9 .567 2 .628 2.387 1 7 .88 159.5
125* 49,000 303 3 31.44 165 .7 .0749 .0357 5.523 .0115 ,0669 5 .8 18 2 .439 8 .563 7 .637 156 .8
142* 49,000 304 7 29.10 166 .8 .0946 .0830 5 .061 T ra c e .0664 11.29 2.642 4 .928 11.37 157.0
1 2 0 95,400 255 34 37.53 213 .5 .0076 .0177 .0476 .0091 .0014 1 .358 35.84 0 .7081 213 .4
123 95,700 270 34 39.76 209 .6 .0058 .0142 .0277 .0042 T ra c e 1 .332 36.31 0 1.075 209 .4
140 99,700 270 60 35.57 207 .2 .00225 .00176 .02642 T race .9480 31.163 0 3 .709 206.1
124 96,100 285 34 38.73 204 .2 .0183 .0 2 3 4 .2316 .0046 .0046 4 :304 26.84 0 6 .391 204.0
143 98,400 295 0 36.92 2 1 1 . 6 .0142 .0161 .0753 .0037 .0033 %.069 33.41 0 1 .894 2 10 .4
145 99,200 295 8 36.33 208 .2 .0157 .0331 .1810 .0034 .0075 3.175 28.58 0 5 .242 206.5
141 99,100 295 14 36.17 207 .32 .0129 .0215 .2622 T ra c e .0070 3.610 24.10 0 6 .934 206 .9
133 96,500 295 34 38.89 204 .9 .0246 .0348 .3308 0 . 0 1 0 2 7 .853 17.27 1.921 1 2 .23 199 .9
144 93,000 365 6 34.58 198.2 .1416 .0787- 6 .215 .0098 .1219 13.11 3.378 4 .7 68 1 2 .91 190 .0
Ul
TA B L E  6 .  (C O N T IN U E D )
E xperim ent Temper a - R e s i­ L irtu id  P ro d u c ts , am. Gas P ro d u c ts , am.
NO. P re s s u re
p s i .
dence
Time ° 2
CH4 HCHO HCOOH CH3 OH A cetone ME " 2 ° ° 2
CO CO2 CH4
172 15,400 270 60 17.02 98.54
PYREX
.00094
HEATER CORE
0 .00051 0 0 .3606 16.82 0 0 98.14
147 15,700 285 60 16.60 95.16 .00155 .00310 .00775 0 0 .95660 15.46 0 1.018 93.91
154 14,600 295 34 16.04 90.36 .01059 .00822 .07459 0 2 .069 12.09 .9525 2.005 8 9 .19
148* 15,500 295 60 16.03 91.87 .01369 .02129 1 .665 .00760 5 .896 1 .706 2 .256 7 .652 87.02
157 15,000 300 60 16.10 90.70 .01904 .01523 .2264 0 3 .970 7 .602 1 .600 3 .275 88.55
169 15,000 305 60 15.79 91.43 .01596 .01190 .1074 T race 2 .767 10.75 1 .0 84 2.757 89.64
159* 15,200 309 1 .5 1 6.44 92.62 .06240 .04101 2 .6 39 .01613 .00080 6 .145 2.726 3 .6 49 4 .3 84 86.85
173 15,200 310 60 16.10 93.21 . 0 1 2 2 1 .01143 .09742 0 0 2 .477 10.81 0 2.680 92.64
160 49 ,500 2 70 60 28.25 156 .4  ; .00728 .00743 .04799 .02755 Trace 1 .442 24.61 0 2 .573 155 .8
149* 49,500 284 60 27.53 151 .8 .02349 .09257 2 .377 T race .00318 11.29 2 .361 1 .340 17.77 149 .9
155 49,400 285 60 27.83 156 .8 .02013 .02339 .2938 .01197 T race 5 .089 15.42 1 .570 7 .173 153.7
166 48,000 290 0 28.57 158.2 .01766 .03702 .02293 T race 1 .339 25.33 0 1 .385 158 .4
152* 50,200 290 1 . 1 28.25 159.2 .08638 .05759 6 .606 .02541 .09655,
.00922
10.06 2 .798 6 .118 9.177 149 .4
161 49 ,500 290 8 28.13 155.7 .01962 .1754 .08443 2 .670 22.09 0 3 .339 155.2
158 49,600 290 2 0 27.61 155.6 .01709 .01612 .1402 .02321 3 .023 21.06 0 2 .955 155.2
162 50,000 290 34 28.56 158.1 .02807 .2859 .05198 .00125 4 .8 00 16.63 0 .7501 155 .1
156 49,200 290 60 2 9.35 165 .4 .02897 .03210 .3523 .01644 Trace 7 .395 12.48 1 .555 9 .324 152 .3
168 49,800 295 60 2 7.60 159.8 .02789 .03501 .2225 .00593 .00297 5 .639 15.81 1 .445 7.976 155 .9
176 49,200 322 2 27.93 161.7 .08715 .09228 7 .929 .02392 .1196 8 .837 2 .484 4 .2 71 10.53 151 .1
151 97,000 270 34 34.08 1 92 .0 .00364 .00692 .05972 .00398 Trace 1 .656 29.64 0 1.906 193 .0
150 97,700 270 60 3 3 .79 193.7 .00554 .00831 .09138 .00277 T race 2 .661 28.34 0 4 .446 192.4
153 97,000 280 8 3 4.49 194.3 .00776 .00961 .06323 .01686 T race 1 .585 30.35 0 2.736 194.3
146* 1 1 2 , 0 0 0 281 7 .8 3 4.55 198 .1 .1075 .08714 7.787 .01854 .01817 10.36 2 .544 5 .596 14.37 187 .3
165 98,800 285 0 36.31 2 0 1 . 0 .02310 .07512 .05258 1.718 33.41 0 1.570 2 0 0 . 0
163 97,700 285 9 35.51 196.6 .01899 .01728 .1049 .02118 .00267 2 .269 30.62 0 2 .529 196.0
175 99,300 285 2 0 3 4.60 200.3 . 0 1 1 0 .0104 .0471 .0128 .0007 1.367 32.55 0 2.142 198.1
164 99,700 285 34 36.13 2 0 0 . 0 .0168 .0194 .1775 .0097 .0041 3 .509 28.22 0 5 .705 197. 9
174 97,800 295 0 34.41 199.2 .0079 .0076 .0328 .0043 1 .260 30.75 0 2 . 2 0 2 199 .3
171 99,000 295 9 3 4.68 2 0 0 . 8 .0147 .0162 .0603 .0058 2 .523 29.29 0 3 .874 199.1
170 98,100 295 34 34.38 199 .0 .0203 .0224 .1726 .0063 .0359 4 .256 24.95 0 6 .611 196.7
F-"UlÜl
• *W onisotherm al R e a c tio n
T A B L E  7 .  
M A T E R I A L  B A L A N C E S
R u n  
N o .
U n c o r r e c t e d  f o r  W a t e r C o r r e c t e d  f o r W a t e r C / HO C H O C H
1 3 2 1 1 1 . 8 9 7 . 1 8 9 8 . 3 3 1 0 4 . 7 9 8 . 7 1 9 9 . 0 3 2 . 9 9 0
1 2 6 1 1 4 . 3 9 6 . 9 5 9 8 . 3 4 1 0 2 . 9 9 9 . 4 1 9 9 . 4 7 3 . 0 0 0
1 3 0 1 1 6 . 9 9 6 . 5 0 9 8 . 4 3 1 0 1 . 7 9 9 . 6 1 9 9 . 8 8 2 . 9 9 2
1 2 8 1 0 3 . 8 9 9 . 2 3 9 9 . 5 6 1 0 0 . 7 9 9 . 9 1 9 9 . 8 7 3 . 0 0 1
1 1 6 1 0 3 . 0 9 9 . 8 5 9 9 . 9 7 1 0 3 . 0 9 9 . 8 5 9 9 . 9 7 2 . 9 9 6
1 1 9 1 0 2 . 5 9 9 . 4 3 9 9 . 6 0 1 0 2 . 5 9 9 . 4 3 9 9 . 6 0 2 . 9 9 5
1 2 1 1 0 2 . 1 9 9 . 4 8 9 9 . 6 1 1 0 2 . 1 9 9 . 4 8 9 9 . 6 1 2 . 9 9 6
1 3 6 9 7 . 0 0 1 0 0 . 4 1 0 0 . 5 9 7 . 0 0 1 0 0 . 4 1 0 0 . 5 2 . 9 9 7
1 2 2 1 0 1 . 9 9 9 . 5 8 9 9 . 7 1 1 0 1 . 9 9 9 . 5 8 9 9 . 7 1 2 . 9 9 6
1 2 9 1 0 1 . 1 9 9 . 6 7 9 9 . 5 2 1 0 1 . 1 9 9 . 6 7 9 9 . 5 2 3 . 0 0 4
1 2 7 7 4 . 3 8 1 0 5 . 0 1 0 2 . 3 9 6 . 4 7 1 0 0 . 2 1 0 0 . 1 3 . 0 0 0
1 3 7 8 4 . 3 9 1 0 3 . 5 1 0 1 . 2 9 8 . 6 9 1 0 0 . 4 9 9 . 7 5 3 . 0 1 9
1 2 5 * 7 0 . 0 6 1 0 6 . 3 1 0 3 . 1 9 4 . 8 3 1 0 0 . 9 1 0 0 . 6 3 . 0 1 0
1 4 2 * 9 2 . 2 4 1 0 1 . 4 1 0 0 . 1 1 0 0 . 0 9 9 . 8 3 9 9 . 4 0 3 , 0 1 3
1 2 0 9 9 . 4 7 1 0 0 . 1 1 0 0 . 3 9 9 . 4 7 1 0 0 . 1 1 0 0 . 3 2 . 9 9 4
1 2 3 9 6 . 7 4 1 0 0 . 5 1 0 0 . 7 9 8 . 5 9 1 0 0 . 1 1 0 0 . 5 2 . 9 9 0
1 4 0 9 7 . 7 8 1 0 0 . 4 9 9 . 9 9 8 . 8 3 1 0 0 . 2 9 9 . 8 1 3 . 0 1 0
1 2 4 9 1 . 9 2 1 0 1 . 6 1 0 1 . 4 9 3 . 8 4 1 0 1 . 2 1 0 1 . 2 3 . 0 0 7
1 4 3 9 9 . 3 9 9 9 . 8 9 9 . 8 8 9 9 . 3 9 9 9 . 8 0 9 9 . 8 8 3 . 0 0 0
1 4 5 9 7 . 2 9 1 0 0 . 1 9 9 . 8 8 9 7 . 2 9 1 0 0 . 1 9 9 . 8 8 3 . 0 0 1
1 4 1 9 0 . 4 4 1 0 1 . 7 1 0 1 . 3 9 3 . 5 8 1 0 1 . 1 1 0 1 . 0 3 . 0 0 4
1 3 3 9 0 . 0 5 1 0 2 . 0 1 0 1 . 0 9 7 . 7 4 1 0 0 . 3 1 0 0 . 2 3 . 0 0 4
1 4 4 * 8 8 . 8 0 1 0 2 . 1 1 0 1 . 3 9 3 . 1 8 1 0 1 . 2 1 0 0 . 9 3 . 0 1 1
1 7 2 9 8 . 8 2 9 9 . 6 1 9 9 . 6 2 1 0 0 . 7 9 9 . 6 1 9 9 . 7 8 2 . 9 9 5
1 4 7 1 0 2 . 8 9 9 . 0 8 9 9 . 1 5 1 0 2 . 8 9 9 . 0 8 9 9 . 1 5 2 . 9 9 8
1 5 4 9 9 . 6 5 1 0 0 . 2 9 9 . 7 8 9 9 . 6 5 1 0 0 . 2 9 9 . 7 8 3 . 0 1 2
1 4 8 * 9 2 . 7 3 1 0 1 . 5 9 9 . 8 8 9 9 . 7 8 1 0 0 . 1 9 9 . 2 3 3 . 0 2 6
1 5 7 9 1 . 7 3 1 0 1 . 5 1 0 1 . 1 9 8 . 7 4 1 0 0 . 1 1 0 0 . 5 2 . 9 8 9
1 6 9 1 0 0 . 7 9 9 . 8 9 9 9 . 4 7 1 0 0 . 6 7 9 9 . 8 9 9 9 . 4 7 3 . 0 1 3
1 5 9 * 9 2 . 4 1 1 0 1 . 5 1 0 0 . 4 9 9 . 3 3 1 0 0 . 2 9 9 . 7 9 3 . 0 1 1
1 7 3 9 3 . 5 4 1 0 0 . 9 1 0 1 . 0  . 9 5 . 5 1 1 0 0 . 5 1 0 0 . 8 2 . 9 9 1
I-'U1
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T A B L E  7 . (C O N T IN U E D )
Run Uncorrected for Water Corrected for Water C?H
No. O C tt O C H
160
149* 99.38 100.3 98.91 99.38 100.3 98.91 3.042
155 95.03 1 0 1 . 2 100.4 99.06 100.3 99.97 3.011
166 96.48 100.5 100.5 96.48 100.5 100.5 3.000
152* 91.20 101.9 100.4 99.20 100.3 99.62 3.020
161 96.06 100.5 100.5 96.06 100.5 100.5 3.001
158 94.60 1 0 1 . 1 1 0 1 . 2 97.31 100.5 1 0 1 . 0 2.987
162 94.17 1 0 1 . 2  ' 1 0 0 . 6 99.40 1 0 0 . 1 1 0 0 . 1 3.000
156 96.90 1 0 0 . 2 99.47 98.24 99.89 99.34 3.017
168 1 0 0 . 0 99.98 99.23 1 0 0 . 0 99.98 99.23 3.023
176* 89.86 1 0 2 . 0 100.5 99.38 1 0 0 . 1 99.59 3.016
151 95.46 100.9 100.9 95.46 100.9 100.9 3.000
150 100.7 1 0 0 . 2 99.97 1 0 0 . 6 1 0 0 . 2 99.97 3.006
153 9 6 . 9 9 100.5 100.4 97.99 100.5 100.4 3.005
146* 86.62 1 0 1 . 6 1 0 0 . 6 95.44 1 0 0 . 8 99.80 3.032
165 99.55 99.82 99.90 99.55 99.82 99.90 2.998
163 97.31 1 0 0 . 2 100.3 97.31 1 0 0 . 2 100.3 2.999
175 1 0 2 . 2 99.33 99.22 1 0 2 . 2 99.33 99.22 3.003
164 98.54 1 0 0 . 0 99.77 98.54 1 0 0 . 0 99.77 3.021
174 97.64 100.5 100.4 97.41 100.5 100.4 3.004
171 99.16 99.87 99.75 99.16 99.87 99.75 3.004
170 98.16 100.3 1 0 0 . 1 99.25 100.9 99.95 3.004
Ul
*Non Isothermal Reaction
TABLE 8 -
SUMMARY OF PRODUCT DATA 
ALUMINA GORE
Run
N O .
Concentration, Moles/Mole- Itr X 1 0 ^
HCHO HCOOH CHjOH Acetone MF « 2 ° ° 2 CO C°2 ™ 4
132 .0589 .0448 1.596 0 0 16.12 2 0 1 . 1 0 1 . 2 0 0 2095
126 .1655 .0709 2.063 0 0 17.29 190.7 0 7.404 2103
130 .1394 .0711 .5113 0 0 26.22 184.2 0 7.451 2109
128 .3446 .1068 4.805 0 0 118.7 90.99 25.69 34.27 2059
131 .2763 .1352 24.06 0 .2812 1 2 0 . 0 41.08 45.47 2080
116 .0089 .0291 .0721 .0235 0 11.38 186.0 0 2.176 2132
119 .0423 .0127 .2866 .0207 0 12.39 183.9 0 2.582 2125
1 2 1 .0371 .0197 .1216 0 0 14.09 181.2 0 3.683 2125
136 .0066 .0103 0 0 0 1 1 . 1 0 186.1 0 4-056 2129
1 2 2 .0369 .0150 .1725 0 0 17.12 177.0 0 6.073 2126
129 .1432 .0373 1.497 0 0 65.23 143.0 11.36 21.69 2085
127 .1385 .1472 4.373 0 0 179.8 20.44 2 0 . 0 0 72.32 2037
137 .1136 .5005 4.960 0 0 176.3 16.70 17.34 82.63 2027
125 .5129 .1594 35.42 .0408 .2289 180.3 15.65 62.79 35.63 2 0 1 2
142 .6484 .3709 32.54 0 .2275 163.3 16.98 36.20 53.15 2018
1 2 0 .0408 .0617 .2385 .0251 .0038 1 2 - 1 0 179.6 0 1.235 2139
123 .0315 .0505 .1411 .0117 0 12.06 185.0 0 3.984 2133140 .0124 .0063 .1369 0 0 13.34 161.5 0 13.98 2136
124 .1023 .0850 1 . 2 1 1 .0131 .0127 49.20 140.04 0 24.32 2134
143 .0165 .0568 .3815 .0103 .0089 18.64 169.3 0 6.997 2132
145 .0864 .1188 .9322 .0096 .0207 29.06 147.1 0 19.63 2126
141 .0711 .0775 1.356 0 .0192 47.00 124.6 0 26.08 2140
133 .1359 .1254 1.716 0 .0282 109.7 89.57 11.39 46.15 2074144 .8169 .2960 33.62 .0293 .3516 145.2 18.27 29.46 50.77 2055
M
TABLE 8 .  (CONTINUED)
Concentration, Moles/Mole-ltr x 10'
Run 
No.
HCHO HCOOH CH 3 HO Acetone MP «2° °2 CO C°2 CH4
172 . 0 1 2 0 .0060 0 0 7.658 200.9 0 0 2345
147 .0244 .0306 .0956 0 0 20.98 190.7 0 9.134 2317
154 .1465 .0740 .9671 0 0 47.69 156.8 14.12 18.91 2313
148 .1866 .1892 21.28 0 .0517 168.1 21.81 32.96 71.10 2224
157 .2625 .1368 2.925 0 0 1 2 1 . 1 98.20 23.62 30.77 2288
169 .2192 .1065 1.382 0 0 63.33 138.5 15.95 25.81 2308
159 .8419 .3607 33.39 .1126 .051 194.6 34.47 52.75 40.33 2198
173 .1644 .1004 1.230 0 0 64.52 136.5 0 24.61 2340
160 .0581 .0386 .3594 .1139 0 19.21 184.3 0 14.02 2334
149 .1861 .4792 17.68 0 .1260 149.4 17.57 11.40 96.17 2230
155 .1604 .1216 2.195 .0491 0 87.51 115.2 13.40 39.00 2297
166 .0910 . 2742 .0937 0 17.64 187.6 0 7.462 2347
152 .6782 .2948 48.54 .1033 .3789 171.5 20.60 51.49 49.13 2200
161 .1026 1.320 .3504 .0370 35.71 166.2 0 18.27 2336
158 .1373 .0843 1.057 .0964 0 53.7 158.6 0 16.19 2338
162 .1447 2.119 .2126 .049 89.51 123.3 0 40.44 2299
156 .2190 .1581 2.497 .0643 0 99.5 88.38 12.59 48.05 2158
168 .2191 .1794 1.639 .0241 .0116 73.86 116.5 12.17 42.74 2298
176 .6767 .4673 57.72 .0960 .4644 245.4 18.08 35.53 55.75 2200
151 .0236 .0293 .3643 .0134 0 17.96 180.9 0 8.455 2355
150 .0357 .0350 .5540 .0092 0 28.66 171.8 0 19.50 2332
153 .0499 .0404 .3812 .0560 0 16.99 183.0 0 12.00 2344
146 .6817 .3594 46.17 .0607 .573 153.2 15.08 37.89 61.93 2221
165 .0937 .4378 .1691 0 17.80 194.7 0 6.653 2332
163 .1202 .0725 .6256 .0687 .0076 24.04 182.5 0 10.96 2337
175 .0690 .0427 .2768 .0413 .0022 14.28 191.3 0 9.154 2329
164 .1051 .0792 1.040 .0314 .0128 36.55 165.3 0 24.31 2319
174 .0497 .0313 .1940 .0141 0 13.24 181.7 0 9.463 2356
171 .0917 .0662 .3533 .0019 0 26.30 171.7 0 16.52 2334
170 .1272 .0922 1.021 .0205 .1131 50.01 147.6 0 28.44 2327
1- *LnkO
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CALIBRATION OP CHROMATOGRAPHS
APPENDIX B 
CALIBRATION OF CHROMATOGRAPHS
The c a l i b r a t i o n  c u rv e s  f o r  oxygen, c a rb o n  monoxide 
and c a rb o n  d io x id e  i n  m ethane a r e  g iv e n  i n  F ig u r e s  44, 45 
and 46 .  The gas  sam ples  were m ixed i n  500 c u .  i n .  c y l i n ­
d e r s .  Methane was added  f i r s t  and p r e s s u r e  was i n c r e a s e d  
s u c c e s s i v e l y  b y  a d d i t i o n  o f  th e  o t h e r  g a s e s .  The volume 
o f  eac h  g as  was t a k e n  t o  be  e q u a l  t o  i t s  p a r t i a l  p r e s s u r e  
i n  th e  m ix tu r e .  Each sam ple was a n a ly z e d  t h r e e  t im e s ,  
and th e  a r e a s  o f  th e  chrom atogram  were m easu red  u s in g  a 
p l a n i m e t e r .  The l i n e s  were d e te rm in e d  b y  th e  method o f  
l e a s t  s q u a r e s .
C a l i b r a t i o n  c u rv e s  f o r  m e th a n o l ,  m e th y l  fo rm a te  
and  a c e to n e  i n  w a te r  a r e  shown i n  F ig u r e s  47 , 48 and 49 . 
The sam ples  were p r e p a r e d  e i t h e r  b y  w e ig h t  o r  b y  use  o f  
c a l i b r a t e d  p i p e t t e s .
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F ig u r e  44 . C h ro m ato g rap h ic  C a l i b r a t i o n  Curve f o r  Oxygen.
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Figure 45. Chromatographic Calibration Curve for Carbon Dioxide.
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Figure 47. Chromatographic Calibration Curve for Methanol,
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Figure 48, Chromatographic Calibration Curve for Methyl Formate
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Figure 49. Chromatographic Calibration Curve for Acetone.
168
APPENDIX C
CHECK OF ANALYTICAL METHODS FOR FORMALDEHYDE, 
FORMIC ACID, AND METHANOL
APPENDIX C
CHECK OF ANALYTICAL METHODS FOR FORMALDEHYDE, 
FORMIC ACID, AND METHANOL
T h ree  sam ples  w ere p r e p a r e d  u s in g  c a l i b r a t e d  
p i p e t t e s s
Form aldehyde 
Form ic A c id  
M ethano l 
W ater
R e s u l t s  o f  A n a ly se s :
Form aldehyde 
Form ic A c id  
M ethanol*  
W ater
Sample 1 
1 .2 4  
3 .0 0  
2 1 .3  
74 .5
Form aldehyde 
Form ic A c id  
M ethano l 
W ater
Wt. P e r c e n t  
1 .13  
3 .0 0  
22 .89  
72 .9 8
W t. P e r c e n t  
Sample 2
1.11 
2 .62 
23 .2 
73 .1
A verage  E r r o r , P e r c e n t  
+ 4 .4  
-  8 . 0  
-  0 .4 4
Sample 3 
1 . 2 0  
2 .67  
2 4 .6  
71 .5
D e term ined  from c h ro m a to g ra p h ic  a n a l y s e s .
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APPENDIX D
CURVE FOR CORRECTION OF FORMALDEHYDE CONCENTRATION 
IN THE PRESENCE OF ACETONE
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2.5
ISOTHERMAL REACTIONS  
X 5 0 , 0 0 0  PSI  
A 9 7 , 0 0 0  PSI
2.0
I -
X
o
w
$
w
0  
>
1  
UJ
o
<
s
QC
ou.
0.5
0.20 0.4 0.6 0.8 1.0 1.2 1.4
A C E T O N E  , WEIGHT %
F ig u r e  50 . Curve t o  C o r r e c t  C o n c e n t r a t i o n  o f  Form aldehyde 
i n  P re s e n c e  o f  A c e to n e .
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APPENDIX E
SAMPLE CALCULATION OF MATERIAL BALANCE
E x p e rim en t No. 129
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PRODUCT LIQUID 
C o m p o s i t io n :  Wt. F r a c t .
ECHO
HCOOH
CHgOH
A cetone
M. F .
H^O
W eight
.0035
.0014
.0390
0
0
.9561
6 .135  gm.
TOTAL PRODUCT
W eight;
C o m p o s i t io n ;
ECHO
ECOOB
CEgOE
A cetone
M.P.
E ,0
: :
CO 
CO 2
CEj
2 0 4 .7  gm.
.02147
.008589
.2393
0
0
5 .8 6 6
22 .86
2.740
1 .5 8 9
4 .7 6 6
16 6 .6
FEED
PRODUCT GAS
Wt.
C o m p o s i t io n s ;  qm/mole
02-0627 X 32 = 2 .0 0 6 4
N2 .OO8 6  X 28 = .2408
CO.0050 X 28 = .1400
002-0094  X 44 = .4180
CE^.9142 X 16 =14.627
Wt.
F r a c t .
.11510
.013813
.008031
.023978
.83908
1 7 .432
R e c e iv e r s ;
N2
CE.
Wt.
Mole gm/ Wt. Wt. 
F r a c t .  mole F r a c t . gm.
.0859  2 .7 4 9  .1575 32 .24
.0080 .224  —— ——
.9061 14 .498  .8 3 0 0 1 6 9 .9
17.471
P r e s s u r e  = 1 9 .0 5 5  atm , 
tem p. = 3 0 3 .5°K
Z = .97004
W eight:
R e c e iv e r s ;
1 9 .0 5 5 x 1 7 3 .0 4 x 1 7 .4 3 2
,97004x303.5 = 1 9 5 ,2 4  gm.
RI:
1 9 .0 5 5 x 5 .1 9 3 .3 3 gm.
T^Tl 0518 198 .57
MATERIAL BALANCES
w t. l^Uo
0 C K
Feed ; 3 2 .2 4 1 2 7 .4 4 2 .4 7
P ro d u c t ;
ECEO -0115 .00860 .00144
ECOGE .00599 ,00224 .00037
CE3OE .1197 .0897 .0299
A cetone  0 0 0
MF 0 0 0
E2 O 5 .215 0 .6511
O2 2 2 . 8 6 0 0
CO .9073 .6817 0
CO. 3 .465  1 .301 0
CE: 0  1 2 4 .95 4 1 .6 8
3 2 .5 9  1 2 7 . 0 42 .2 7
% R ecovery  101. 1 99 .67 99 .52
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APPENDIX F
CALCULATIONS FOR WET TEST METER
A ch eck  on t h e  c a l i b r a t i o n  o f  t h e  w e t  t e s t  m e te r  
was c a r r i e d  o u t  u s in g  a 500 c u .  i n .  sam ple  o f  m ethane con­
t a i n i n g  s i x  volum e p e r c e n t  oxygen and two volume p e r c e n t  
c a rb o n  m onoxide . Bomb p r e s s u r e  was 27 .6 9  i n .  Hg gauge a t  
2 4 .5 °C . B a r o m e t r ic  p r e s s u r e  was 2 8 .7 3  i n .  Hg and w et t e s t  
m e te r  t e m p e r a t u r e  was 2 0 .8 °C .
Wet test meter final reading 12 .035  c u .  ft.
Wet t e s t  m e te r  i n i t i a l  r e a d in g  11 .765  c u .  f t .
Volume used 0 .2 7 0  cu. ft.
Wet test meter corrected volume
OQ n ' i  2 7 1
= 0 .2 7 0  X 2 ^ ' '^ 2 ^  293 8 ^  0 -240  std. cu . ft.
C o r r e c t e d  p r e s s u r e  i n  c y l i n d e r  = 1 + 2 7 .6 9  ^ 27329 .9 2  ^ 297.5!
= 1 .8 4 9  s t d .  atm.
z = 0 .9 9 7 8
c y l i n d e r  V o l .  = ~ ^  = 6937 0 0 ,
'  Î7 I I ' X 1 6 .3 1  '  s t d .  c u .  f t .
An e x c e l l e n t  ch eck  was o b t a i n e d .
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Sample calculations of feed gas weight forg 
Experiment 150
Wet Test Meter
Volume corrected = 1 1 .6 2  x x -  10 .02  std. cu. ft.
Meter, moles = 10 °02_x^453 .,_6 _ ^2 . 6 6  gm. moles
R e c e iv e r s ,  0 t o  1 a tm . = ----- ^ 9 lü 4 ^ x ~3Ô8 ”  °563 gm. m oles
4 74Reactor, 0 to 1 atm. = —   = .0091 gm. moles
519
T o t a l  b y  w e t t e s t  m e te r  1 3 .2 3  gm. m oles
R e c e iv e r  P r e s s u r e
C a l c u l a t e d  u s in g  com puter  13 .12  gm. m oles
E x p e r im en t 152 
Wet T e s t  M ete r
Volume c o r r e c t e d  = 8 .5 7 0  x x = 7 .4 4 4  s t d .  c u .  f t .
M e te r ,  m oles = = 9 .4 0 8  gm. m oles
R e c e iv e r s ,  0 t o  1 a tm . ,  = ^ 9 9 9 4 ^^  3 9 3  = .563 gm. m oles
Reactor, 0 to 1 atm. = = .0090 gm. moles
526
T o t a l  by  w e t  t e s t  m e te r  = 9 .980  gm. m oles
R e c e iv e r  P r e s s u r e
C a l c u l a t e d  u s in g  com pu te r  9 .938  gm. m oles
The check  i n  b o th  c a s e s  i s  e x c e l l e n t .
This dissertation has been 
microfilmed exactly as received 67-3975
HARDWICKE, Norman Lawson, 1924- 
THE MECHANISM OF PARTIAL OXIDATION OF METHANE 
AT HIGH PRESSURES.
The University of Oklahoma, Ph.D., 1967 
Engineering, chemical
University Microfilms, Inc., Ann Arbor, Michigan
